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ABSTRACT
Standard color-matching functions are designed to represent the mean color-
matching response of the population of human observers with normal color
vision. When using these functions, two questions arise. Are they an accurate
representation of the population? And what is the uncertainty in color-match
predictions? To address these questions in the dual context of human visual
performance and cross-media reproduction, a color-matching experiment was
undertaken in which twenty observers made matches between seven different
colors presented in reflective and transmissive color reproduction media and a
CRT display viewed through an optical apparatus that produced a simple split
field stimulus. In addition, a single observer repeated the experiment 20 times to
quantify intra-observer variability. The results are used to evaluate the accuracy
of three sets of color-matching functions, to quantify the magnitude of observer
variability, and to compare intra- and inter-observer variability in color matching.
These results are compared with current CIE recommendations on observer
metamerism. The magnitude of observer variability in this experiment also
provides a quantitative estimate of the limit of cross-media color reproduction
accuracy that need not be exceeded.
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INTRODUCTION
The primary objective in virtually all color imaging systems is to achieve faithful
color reproduction, i.e. color matching. In colorimetric terms, color matches are
defined by multiple stimuli with identical tristimulus values. Since tristimulus
values are a function of the interaction between a physical stimulus and the
human visual system, it is necessary to consider two distinctly different types of
color-matches, spectral and metameric. Spectral color matches, identified by
physical stimuli with identical spectral radiant power distributions, are
perceived as color matches by all observers. Spectral color matches in color
reproduction are only possible when identical media and illumination are used
for both the original and the reproduction. Metameric color matches correspond
to physical stimuli with different spectral radiant power distributions, which are
perceived as color matches for a given observer.1
Due to differences in the spectral characteristics of the primary colorants
used in cross-media color reproduction, all cross-media color matches are
metameric. Since metameric matches are dependent upon the characteristic
spectral responsivities of the human visual system, variations in color-matching
functions will result in variations in metameric matches. A metameric color
match perceived by one observer may appear to be a significant mismatch to
another observer. This phenomenon is known as observermetamerism.
Standard Observers
Since variance is the variation about a mean value, it is necessary to define a
mean observer when observer variation is being assessed. A great deal of time
and effort has gone into defining mean or standard observers. The CIE has
established two sets of standard color matching functions designed to
characterize the visual response of the average color normal observer defined for
a set of fixed viewing conditions and parameters; the 1931 CIE
2 Standard
Colorimetric Observer, and the 1964 CIE 10 Standard Supplemental
Colorimetric Observer.2 The CIE Standard Observers are officially recognized as
international standards defining themean observer.
Although the CIE Standard Observers may accurately represent the mean
responses of the population of color normal observers, any single observer may
not be representative of the mean. The significance of color matches defined by
a standard observer for any color normal individual is dependent upon the
magnitude of the deviation from the standard observer of the individuals color
matching functions. Therefore in order to assess the effectiveness of color match
predictions made with a standard observer, it is necessary to assess the
magnitude of the uncertainties associated with the standard observer.
Sources ofObserverVariability
To better understand the effects and magnitude of observer metamerism, it is
useful to consider the sources of variance responsible for differences in the
perception of color.
Variation in the physiological, and psychological components comprising
the human visual system are responsible for differences or variation in color
perception among color normal individuals. Identifying and quantifying the
individual components of variance associated with the relatively intangible
psychological aspects of color perception or matching is an intrinsically complex
task that has not yet been successfully undertaken. A multitude of psychological
factors not exclusively including mood, alertness, interest, motivation, and
attention are potentially capable of impacting the perception of color or color-
matching criteria. Therefore, it is important to understand that a degree of
uncertainty of unknown magnitude is inherently confounded in the
uncertainties identified in this and any other practical study designed to
quantify observer variability.
Sources of physiological variation important in color vision include
variation in inert pigments, variation in the cone-photopigment spectra, and
variation in the middle-wavelength-sensitive (MWS) and long-wavelength-
sensitive (LWS) coneweighting.3
Inert Pigments
The inert pigments contributing to fundamental variation in the human visual
system are the lens and macular pigments. The optical density of the human
lens varies significantly between individuals. Among younger individuals the
variation in lens density is typically a multiple of the overall lens spectral-
density function. Van Norren4 calculated the variation in the young lens using
the scotopic visibility spectrum established by Crawford.5 He found that 95% of
the variation in lens optical density is represented by 25% of the mean spectral
density for individuals between 20 and 30 years of age. In addition, the optical
density of the lens increases with age. The variation in lens absorption
characteristics caused by aging does not appear to be a multiple of the overall
spectral density of the younger eye. Pokorny et al.6 have proposed a spectral
density function of the eye showing relatively mild age related changes in
absorption until about age 60when an accelerated effect is realized.
Variation in the optical density of the macular pigment among color
normal observers is also considered to be significant.7' 8 The range of variation in
the peak density of the macula has been estimated to be between eightfold and
tenfold.7-8
Cone Photo-Pigment Spectra
Two primary sources of variation are present in cone photo-pigment spectra.
The first source is peak wavelength variation caused by polymorphism in the
amino acid sequences of the middle-wavelength-sensitive and long-wavelength-
sensitive cone photo-pigment opsins. Eight polymorphisms for the long-
wavelength-sensitive and five for the middle-wavelength-sensitive photo-
pigments have been identified, resulting in the possibility of seventeen different
long-wavelength-sensitive opsins and eleven different middle-wavelength-
sensitive opsins.9 The most common polymorphism, the long-wavelength-
sensitive photopigment 60% serine/40% alanine 180 polymorphism, is believed
to cause a 4nm shift towards shorter wavelengths in the peak wavelength of
long-wavelength-sensitive cones.10' n> n The range of photopigment variation
consistent with color matching has been estimated by Smith, Pokorny, and
Starr13 to be 3 nm.
The second form of variation present in the cone photo-pigment spectra of
color normal observers is variation in effective optical density. Variation occurs
due to the individual differences in the optical density of the middle-
wavelength-sensitive and long-wavelength-sensitive photo-pigments. The
greatest variation in optical density of photo-pigment spectra is found in the
foveal region containing the highest effective optical density.14
ConeWeightings
Spectral luminosity functions can be synthesized from a sum of long-
wavelength-sensitive and middle-wavelength-sensitive-cone photopigments. A
variety of psychophysical methods can also be used to derive spectral luminosity
functions. Heterochromatic flicker photometry matching was the primary
method used by the CIE to derive the spectral luminous-efficiency function V(k)
from the average ofmany observers. Variation in individual spectral luminosity
functions do not affect chromaticity coordinates, but do impact the magnitude of
Y. According to Smith and Pokorny3, "In a monitor system in which the
primaries are broadband, the effect of this variation on Y may cause rotation of
chromaticities relative to the nominal cardinal
axes."
The major source of variation in spectral luminosity functions determined
by heterochromatic flicker photometry is attributed to the cone weightings that
constitute the function.15 The variation in heterochromatic flicker photometry
can be modeled by varying the proportions of the fundamentals required to fit
the measured function.16' 17 The range of long-wavelength-sensitive/middle-
wavelength-sensitive cone weighting ratios has been estimated to be between
1/2 and 9/1.16- 18- 19 These findings indicate the potential for significant variation
in individual spectral luminosity functions and shifts in chromaticity when
viewing stimuli composed of broadband primaries.
Related Studies
Analytical studies based on Stiles observers have been performed to estimate the
effects of observer metamerism. However, relatively little experimental research
has been performed to quantitatively assess the magnitude of observer
variability.
D&H Color Rule
The D&H Color Rule20, designed to test the effects of changes in illuminants
and/or observers for metameric pairs has been used to estimate the relative
effects of observer and/or illuminantmetamerism.
Billmeyer and Saltzman21 tested seventy-two observers less than sixty
years of age. Each observer made a color match under simulated daylight, and
incandescent light From their results they concluded that the variability in
matches among observers was of the same magnitude as the difference in match
points for any single observer, between the two illuminants.
Nardi used the D&H Color Rule as described by Billmeyer and Saltzman
to test a group of 90 male and female college students with normal color vision
between the ages of seventeen and twenty-nine.22 Compared with Billmeyer and
Saltzman's findings, Nardi's results showed approximately one fourth of the
variation among each of the two illuminant groups of colormatches.
Pobboravsky
Pobboravsky23 studied the effect of observer metamerism on color matches
between CRT displays and printed matter. He performed a set of theoretical
calculations based on the color matching data used in the CLE recommended
technique for assessing observer metamerism.24 His conclusion was that
observer metamerism was not a significant problem in these types of matches.
He verified this conclusion with qualitative visual judgments of acceptability.
These data, while useful, might well underestimate the importance of observer
metamerism and they lack the quantitative nature required for application to
digitally based cross-media imaging systems.
North and Fairchild
A visual colorimeter designed by North and Fairchild was used to measure the
color-matching functions of a group of color normal observers.25 Color matching
functions were determined by making a series of color matches to simulated
daylight in a 2 bipartite field. In order to examine inter- and intra-observer
variations, eighteen observers performed the experiment one time, and one
observer performed the experiment twenty times.
The average color matching functions of the eighteen observers were
found to be very similar to both the Stiles
2
mean observer and the CIE 2 mean
observer. The inter-observer variabilitywas found to be significantly larger than
the intra-observer variability. The variability of the twenty Stiles color matching
functions used to derive the CIE Standard Deviate Observer was comparable to
the variability of the single observer. These results are in general agreement
with current research.
CurrentResearch
The following section describes an experiment designed to explore observer
metamerism by quantifying the precision and accuracy of three sets of color-
matching functions, and the magnitude of observer variability found in hard-
copy to CRT color-matches. The effects of observer metamerism for both
intra-
and inter-observer color matches are quantified and compared. In addition, the
results of this research are compared with the CIE recommendations on observer
metamerism. Uncertainties derived by Nimeroff, Rosenblatt, and Dannemiller26
for Hie 1964 CIE 10 Supplemental Standard Colorimetric Observer color-
matching data are also compared with the experimental data.
Although the effects of observer metamerism are present in any color
reproduction system, color prints and transparencies were selected , for use in
this research, as typical media commonly used in CRT to hard copy imaging
systems. Observer variability in cross-media color matching is composed of
multiple variance components related to spectral differences, image
characteristics, and viewing conditions. In order to better assess observer
metamerism related to spectral differences in cross-media, the experimental
cross-media stimuli were designed to minimize non-spectral related components
of observer variability associated with the task of cross-media color matching.
The hard-copy stimuli were illuminated by a GTI Soft View D50
fluorescent simulator lightbooth designed for viewing both reflective and
transmissive materials. The intensity of the lightbooth sources were adjusted to
yield equal luminance from the reflective and transmissive gray hard-copy
stimuli. The color appearance of the soft-copy image produced with the CRT
display was adjusted by the observer to match the color appearance of the fixed
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hard-copy stimulus. With the use of a computer mouse, the observer was able to
independently adjust the color appearance attributes of the soft-copy image
along a CIE
L*
vector, and an
a*-b* plane. Proprietary software was created to
convert the CIELAB values, calculated for a D50 whitepoint, to RGB digital
counts. The CRT displaywas controlled with a Pixar II image computer with 10-
bits per RGB color channel resolution (i.e. 1024 levels of R, G, and B luminance).
Thus, the color resolution of the display system exceeded human visual color
discrimination capabilities.
In addition to evaluating the accuracy of color matching functions, and
quantifying observer variability, the magnitude of observer variability
determined in this experiment will provide a quantitative and practical estimate
of cross-media color reproduction accuracy that need not be exceeded.
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EXPERIMENT
Design
A visual experiment was designed to permit observers to make critical color
matches between color prints or transparencies and a CRT display. Seven color
prints and seven color transparencies were prepared as fixed matching stimuli.
The seven colors included red, green, blue, gray, cyan, magenta, and yellow. The
color print samples were designed with Adobe Photoshop version 2.5 and
imaged with a Fujix Pictrography 3000 color printer. The Fujix printer is a
hybrid photographic/ thermal-transfer continuous-tone digital printer. The color
transparencies were imaged with an MGI Solitaire 8xp film recorder using 4x5
Ektachrome 100 Plus Professional film. The chromaticities of the fixed hard-
copy samples illuminated with a fluorescent D50 simulator were designed to
effectively sample the color gamut of the Sony Trinitron CRT display model
PVM-1942Q used to generate the soft-copy color matches. The CIE x, y
chromaticity coordinates of the hard-copy stimuli and the chromaticity gamut of
the CRT display are presented in Fig. 1.
12
l 1 1 1 r
0.4 0.6
FIG. 1. CIE x,y chromaticity diagram (1931 CIE
2 Standard Colorimetric
Observer, D50 fluorescent daylight simulator) showing the coordinates of the
fourteen hard-copy stimuli with respect to the chromaticity gamut of the CRT
display. Color prints (open circles); color transparencies (solid triangles); and
CRT chromaticity gamut (triangular outline).
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With the use of a simple optical apparatus, consisting of an equilateral
glass prism mounted on an optical bench, the observers were able to
FIG. 2.
matching
Schematic overhead view of experimental set-up used for color
simultaneously view both the soft and hard-copy matching stimuli. As shown in
Fig. 2, a CRT display and a combination lightbooth/light box were aligned with
the optical prism and shielded from the observer. The fixed hard-copy stimulus
and the adjustable soft-copy stimulus were presented in a vertical symmetric
14
bipartite field. The color-matching stimuli were presented as solid colors
appearing self-luminous in a darkened room. A neutral translucent diffusion
material placed in front of the CRT display eliminated the appearance of any
visual texture in the soft-copy stimulus, rendering the soft-copy stimulus
identical to the hard-copy stimuli in terms of spatial characteristics.
15
Observers
Twelve male and eight female observers between the ages of twenty-one and
fifty-six participated in the color-matching experiment to assess inter-observer
variability. The ages of the observers were uniformly distributed; there were
five observers in each of four groups, 20-29, 30-39, 40-49, and 50-59 years of age
as shown in Table I. Each of the twenty observers successfully passed a
screening for congenital color vision deficiencies when tested with a set of
Ishihara Pseudoisochromatic Plates.27 The Farnsworth-Munsell 100-Hue Test28
was administered to each of the observers to assess their color discrimination
abilities. Seventy-five percent of the twenty observers were rated as having
"superior"
color discrimination, while the remaining twenty-five percent
achieved an
"average"
color discrimination rating.
A 22 year old male observer performed the experiment twenty times to
assess intra-observer variability. The single observer tested color normal with
the set of Ishihara Pseudoisochromatic Plates, and received a "superior" color
discrimination ratingwith the Farnsworth-Munsell 100-Hue Test
TABLE 1. Inter-observer demographics.
Observer Sex Age Observer Sex Age Observer Sex Age Observer Sex Age
JXC M 21 MDF M 30 RSB M 40 BXC F 50
NMM M 24 AXS F 31 PDB M 42 GCM M 53
KMB F 25 HKS M 31 SJC F 44 ACB M 54
EAP F 26 HKC M 32 BAS M 45 AMB F 55
LAR F 29 RLA M 39 JSA M 48 GXM F 56
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Instructions
The observers were seated at a distance of approximately 1 meter from the
matching stimuli. The 5 cm x 5 cm matching field subtended a visual angle of
2.9. The observers were asked to adjust the color appearance of the soft-copy
stimulus to create an exact color match for each of the fourteen different hard-
copy stimuli. The observers were given the following instructions:
17
ColorMatching Experiment
You will be shown a series of colors presented in a split field. Using the mouse in the
manner described below, carefully adjust the brightness and color of the right side of the
field to match the left. The two sides of the field should be indistinguishable. When you
have successfully matched the two fields, click and release the right button to freeze the
color, then inform me. Your match will be recorded and the next sample will be
presented.
Mouse Controls:
The mouse control has three modes, Brightness adjustment, Color adjustment, and
Freeze.
1. Clicking the left button will allow adjustment of the field brightness.
Moving up will make the field appear brighter and moving down will
make the field appear darker.
2. Clicking the middle button will allow adjustment of the field color.
Moving the mouse left and right will control the amount of red and
green. Moving the mouse up and down will control the amount of
yellow and blue.
3. Clicking and releasing the right button will freeze the match for
measurement. Clicking any other button will allow further adjustment.
Yellow
Green Red
Blue
Note:
- Move the mouse slowly and smoothly.
- Notify me ifyou feel the mouse is not responding properly.
- Take your time and make an exact match.
- When you have made a match remove your hand from the mouse.
If you have any questions regarding the matching procedure, or the experiment, please
feel free to ask them at any time.
Thank you!
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Procedure
In order to minimize any potential effects associated with observer fatigue
resulting from extended duration of the experimental tasks, the experiment was
divided into two separate sessions. Each session lasted approximately 45-60
minutes. A color match was achieved when the two matching stimuli appeared
to the observer as a single homogeneous stimulus. After a match was attained, a
Photo Research PR-650 telespectroradiometer was used to measure the spectral
radiance (W/sr*m2) of both the hard- and soft-copy stimuli from the
observers'
point of view. The Photo Research 650 telespectroradiometer incorporating a
half-height triangular bandpass of 4nm, recorded the spectral radiance at 4nm
wavelength intervals across the visible spectrum between 380nm and 780nm.
The order of color matches was randomized for each observer. Figure 3 shows
an example of the typical disparate spectral power distributions required to
produce a metameric match between the gray transparency sample and the CRT
display, calculated for the 1931 CIE
2 Standard Colorimetric Observer.
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FIG. 3. The spectral power distributions of a gray transparency and a CRT
display adjusted to yield a metameric match for the 1931 CIE
2 Standard
Colorimetric Observer.
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RESULTS AND DISCUSSION
Precision andAccuracy
The precision and accuracy of the Photo Research PR-650 telespectroradiometer
used to record experimental data for this research were examined and found to
be within acceptable limits as defined by the manufacturer. The following is a
list of manufacturer's specifications for the PR-650. Calibration is traceable to
NBT standards.
Spectral Range:
380-780 nm
Spectral Bandwidth:
8 nm (fwhm)
Wavelength Resolution:
less than 3.5 nm/pixel
Luminance Accuracy:
4% of calculated luminance at 2856K @ 23C,
1 digit (resolution 0.01 units)
Sensitivity Range:
< 1.0 fL(3.4 cdm'2) to > 1,000,000 fL (3,400,000 cdm'2)
for 2856 K source @ 23C
ColorAccuracy:
.0015 x , .001 y (resolution 0.001 units)
(Typically .006 x,y for common CRT phosphors)
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Spectral Accuracy:
2nm
Digital Resolution:
14bitA/D
(1 part in 16,000)
AutoSync Range:
40-250 Hz.
Measuring and Viewing Field:
1 (measuring) and 7 (viewing) with
standard MS-75mm lens at infinity
Minimum Spot Size:
0.2"
(5mm) at 14" (36 cm) with standard MS-75mm lens
Diode Array:
128-element, 50:1 aspect ratio (self-scanned)
The photometric accuracy of the telespectroradiometer was tested with a
standardized tungsten source. The expected luminance of the standardized
source is 50.4 fL. The measured luminance of the reference source was 51.7 fL.
The spectral wavelength accuracy of the instrument was tested with the
use of a mercury-cadmium source. The expected spectral lines of the mercury-
cadmium source were compared with the measured spectral radiance data from
the source. Seven primary mercury spectral lines, and four primary cadmium
spectral lines located between 380nm and 780nm were all accurately represented
by themeasured data as shown in Table II.
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TABLE II. Instrumental wavelength accuracy .
Mercury Spectral Lines Cadmium Spectral Lines
Expected (nm) Measured (nm) Expected (nm) Measured (nm)
404.657 404 467.816 468
407.784 408 479.992 480
435.834 436 508.582 508
491.604 492 643.847 644
546.075 548
576.960 576
579.066 580
The precision of the Photo Research PR-650 telespectroradiometer was
examined by making twenty repeated spectral radiance measurements without
replacement of the gray print and gray transparency hard copy samples. One
measurement was made every ninety seconds for a period of one hour.
Tristimulus values were calculated for each of the measurements, using the 1931
CIE Standard Colorimetric Observer. In addition to tristimulus values, CIE
chromaticities, CIELAB coordinates, and the mean color difference (AE*,*) from
the mean29 (MCDM)were calculated as shown in Table IH The mean color
difference from the mean was approximately 0.07 AE*i for both the gray hard
copy print and transparency samples. The standard deviation was less than 0.10
CIELAB units in each CIELAB vector direction for both samples.
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TABLE III. Instrumental precision.
Gray Transparency Gray Print
CIE 2 Min Max Mean StdDev Min Max Mean StdDev
X 45.09 45.62 45.43 0.138 44.72 45.15 44.94 0.110
Y 47.83 48.36 48.19 0.144 48.86 49.33 49.11 0.120
Z 40.50 40.99 40.79 0.122 54.86 55.38 55.15 0.132
X 0.34 0.34 0.34 0.000 0.30 0.30 0.30 0.000
y 0.36 0.36 0.36 0.000 0.33 0.33 0.33 0.000
L* 56.00 56.27 56.18 0.072 56.52 56.75 56.64 0.059
a*
-2.37 -2.26 -2.32 0.031 -5.45 -5.37 -5.41 0.029
b*
-1.13 -1.00 -1.08 0.029 -13.64 -13.49 -13.56 0.044
MCDM 0.07 0.07
The results of the precision and accuracy tests indicate that the systematic
and random error associated with the instrument are minimal and acceptable for
the purpose of this research.
24
ColorMatching Functions
Three different sets of color-matching functions were used in conjunction with
the spectral radiant power distributions, recorded from both the hard- and soft-
copy experimental stimuli, to calculate tristimulus values for each of the
observer color matches. Figure 4 shows three sets of color-matching functions:
the 1931 CIE 2 Standard Colorimetric Observer2, the 1964 CIE 10 Supplemental
Standard Colorimetric Observer2, and the 1955 Stiles-Burch 2 pilot group mean
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FIG. 4. Color-matching functions for Stiles-Burch
2
mean observer (x)
transformed to approximate the CIE 2 Standard Colorimetric Observer(), and
CIE 10 Supplemental Standard Colorimetric Observer (j).
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observer30, which were used for tristimulus calculations. The 1955 Stiles-Burch
2
*<*>' 8sb' md ^sb color-matching functions were transformed to CIE 2-based
Xsb'Vsb' andz^ color-matching functions by a linear combination of the 1955
Stiles-Burch2 r^, gA, andb^ color-matching functions30.
Xsb(X)
ySb(X)
Zsb(X)
0.35811 0.14600
0.13993 0.82873 0.01423
0 0.06250 1.87194
rsb(X)
g,b(X)
bsb(X)
(1)
The transformation matrix was determined from a best fit to the 1931 CIE 2
Standard Colorimetric Observer functions by least squares multiple linear
regression. This transformation was performed such that the data analyses
could be completed in the familiar and approximately visually uniform CIELAB
color space.
Tristimulus Value Calculations
Tristimulus summation was used as an alternative method to tristimulus
integration to calculate tristimulus values for each of the cross-media color
matches. Lagrange interpolation coefficients31 were calculated and used to
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generate 4nm weight sets for each of the three different sets of color matching
functions. Four nanometer weight sets were chosen to correspond with the 4nm
spectral radiance data collected with the Photo Research PR-650
telespectroradiometer. Three point quadratic interpolation was used to calculate
the first and last interval coefficients, while four point cubic interpolation was
used to calculate the middle interval coefficients. The Lagrange interpolating
coefficients were calculated from;
Lj(r) = flf-\forJ = 0>1 n (2)
'-o(ry-ry)
Where L is the Lagrange interpolation coefficient, n represents the degree of the
coefficients being calculated, and r corresponds to the interval indice. The
Lagrange interpolation coefficients are summed to produce weighting
coefficients for the first, middle and last weighting intervals with respect to
unity weighting coefficients at selected indices (M) as shown in TABLE IV.
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TABLE IV. Lagrange interpolation and weighting coefficients used to calculate
4nm weight sets from 1nm interval data.
Range First nterval
r L0 M L1 L2
0.25 0.6563 - 0.4375 -0.0938
0.50 0.3750 - 0.7500 -0.1250
0.75 0.1563 - 0.9375 -0.0938
Weighted
coefficients
1.188 1.000 2.125 -0.313
Range Intermediate intervals
r L0 L1 M L2 L3
1.25 -0.0547 0.8203 - 0.2734 -0.0391
1.50 -0.0625 0.5625 - 0.5625 -0.0625
1.75 -0.0391 0.2734 - 0.8203 -0.0547
Weighted
coefficients
-0.156 1.656 1.000 1.656 0.156
Range Last interval
r L0 L1 M L2
1.25 -0.0938 0.9375 - 0.1563
1.50 -0.1250 0.7500 - 0.3750
1.75 -0.0938 0.4375 - 0.6563
Weighted
coefficients
-0.313 2.125 1.000 1.188
28
CIELAB Coordinates
Reference-white tristimulus values for both hard- and soft-copy stimuli were
calculated for the D50 fluorescent simulator using each of the three sets of color-
matching functions. CIELAB coordinates were calculated according to CIE
methods,2 using each of the three sets of color-matching functions, for both hard-
and soft-copy stimuli constituting observer-determined metameric pairs. CIE
AL*, Aa*, and Ab* values were calculated for all metameric pairs. Figure 5 shows
10.0
A b* oo
10.0
10.0
-i 1 1 r~
o
o
o
x
' I I L_
0.0
A a*
10.0
FIG. 5. Intra-observer (X), and inter-observer (0), cyan-transparency color
matches relative to the 1931 CIE 2 Standard Colorimetric Observer matchpoint
located at the origin of a CIE Aa*-Ab* plane.
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Aa*-Ab* plot of the intra- and inter-observer soft-copy color matches for the hard-
copy cyan-transparency, with respect to the 1931 CIE 2 Standard Colorimetric
Observermatchpoint located at the origin.
ObserverVariability
For all sample colors, the maximum CIELAB unit differences were as large as
19.69 units for inter-observer matches, and 11.36 units for intra-observer
matches, indicating a relatively large spread of color matches. As shown in
Table V, the mean CIELAB deviations ranged from -0.81 to 0.67 units for inter-
observer matches, and between -1.63 and 0.78 units for intra-observermatches.
The relatively small mean CIELAB deviations for the inter-observer data
TABLE V. Minimum, maximum and mean CIELAB unit deviations of color
matches tabulated by observer, and color-matching function.
Intra-observer Inter-observers
CIE2 CIE 10 Stiles-Burch2 CIE2 CIE 10 Stiles-Burch2
A
L*
minimum -4.14 -3.99 -4.12 -14.08 -14.62 -14.25
A
L*
maximum 4.41 4.73 4.53 13.70 13.91 13.75
A
L*
mean 0.18 0.17 0.13 0.11 0.07 0.06
A
a*
minimum -6.98 -8.76 -7.15 -15.71 -9.94 -14.35
A
a*
maximum 6.97 8.70 7.61 9.76 10.75 10.32
A
a*
mean 0.36 0.78 0.60 0.15 0.67 0.37
A
b*
minimum -11.23 -11.36 -10.96 -19.69 -19.50 -18.89
A
b*
maximum 8.29 9.12 8.19 18.51 16.49 18.00
A
b*
mean -1.55 -1.63 -1.09 -0.70 -0.81 -0.22
30
indicate that the average of all experimental color matches correlates well with
the theoretical color matches of the standard observers.
As a measure of intra- and inter-observer variability, the mean color
difference from the mean color match was calculated using each of the three sets
of color-matching functions. The CIE AE*ab color difference equation was used to
compute color differences between matching stimuli. Table VI shows the
MCDM29 statistics tabulated according to observers, media, and color-matching
functions. The mean color difference from the mean for inter-observer matches
was approximately twice as large as the mean color difference from the mean for
intra-observer matches. The three sets of color-matching functions used to
calculate MCDM values yielded similar results, indicating a lack of dependence
TABLE VI. Mean color differences from the mean (MCDM) for all color
matches tabulated by media, color-matching functions, and observers.
Prints Inter-observers Intra-observer Ratio
CIE2 3.03 1.15 2.64
CIE 10 2.79 1.10 2.54
Stiles-Burch 2 2.98 1.11 2.69
Transparencies
CIE2 2.31 1.56 1.49
CIE 10 2.45 1.53 1.60
Stiles-Burch 2" 2.45 1.59 1.54
Prints & Transparencies
CIE2 2.40 1.13 2.13
CIE 10 2.33 1.10 2.11
Stiles-Burch 2 2.38 1.12 2.14
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on color-matching function.
Confidence Regions
The sample covariance matrix, Slo,, defined by the sample covariances and
variances of AL*, Aa*, and Ab* values, as shown in Eq. 2, was calculated for each
combination of observer, color-matching functions, color, and medium, color-
matching data.
'Lab
S2L- SLJa. SLJb.
^a^L' $ a' ??* (2)
Assuming a multivariate normal distribution, the inverse of the sample
covariance matrix Sua, can be used to construct a 95% confidence region for the
sample distribution32 of the CIE AL* Aa*, and Ab* multivariate data set The p-
dimensional confidence region for a sample distribution with probability (1-ct) is
represented by the quadratic distance function shown inmatrix form in Eqs. 3-5.
DS !D'= Q (3)
32
T)Lab = [(AL *) (Aa *) (Ab *)] (4)
=
Pin- J)
(n-p)
Qsample Distribution -^ ^- F, x (5)
where p is the number of variables, n is the number of observations, a is the
Type I alpha risk associated with a 100(l-a)% confidence region, F is the value of
the F distribution for p, and n-p degrees of freedom with an alpha risk of a. An
example of a
Aa*-Ab* bivariate ellipse bound by the 95% confidence region for
the sample distribution defined by Equation 3 is shown in Fig. 6, for the inter-
observer color matches of the cyan transparency relative to the 1931 CIE
2
Standard Colorimetric Observer. This ellipse can be thought of as enclosing 95%
of the observer responses for this stimulus.
A ^-dimensional confidence region for the mean of a sample distribution
with probability (1-a) can also be described with Eq. 3, bymodifying the Q term:
QSample Mean = (-J^y F(p ., b) (6)
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As shown in Equation 6, the Q term for the sample mean is a function of the
reciprocal of the sample size; as n increases, the magnitude of the Q term
decreases. Thus, the uncertainty with which the mean is known decreases with
increasing numbers of observers. An example of a Aa*-Ab* bivariate ellipse
containing the 95% confidence region for the sample mean defined by Eq. 6 is
shown in Fig. 7, for the inter-observer color matches of the cyan transparency
relative to the 1931 CIE 2 Standard Colorimetric Observer.
10.0
AD* -
-10.0
-10.0 0.0
A a*
10.0
FIG. 6. Twenty inter-observer (0) cyan-transparency color matches bound
by a 95%
Aa*-Ab* bivariate confidence ellipse of the sample distribution. The
1931 CIE 2 Standard Colorimetric Observer matchpoint is located at the origin.
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10.0
Ab* o.o
-10.0
-10.0 o.o
A a*
10.0
FIG. 7. Twenty inter-observer (O) cyan-transparency color matches bound
by a 95% bivariate Aa*-Ab* confidence ellipse of the sample mean. The 1931 CIE
2 Standard Colorimetric Observer matchpoint is located at the origin.
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The 95% confidence regions for the sample distribution and sample mean
of the inter-observer cyan-transparency color matches calculated with the 1931
CIE 2 Standard Colorimetric Observer shown in Figs. 6 and 7 are plotted
together in Fig. 8. The larger of the two ellipses encompasses the distribution of
the sample population of color matches, while the smaller ellipse describes the
uncertainty of themean color match of the sample population.
10.0
A b* o.o
-10.0
-10.0 0.0
A a*
10.0
FIG. 8. Twenty inter-observer (0) cyan-transparency color matches bound
by 95% Aa*-Ab* bivariate confidence ellipses of the sample distribution, and the
sample mean. The 1931 CIE 2 Standard Colorimetric Observer matchpoint is
located at the origin.
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In addition to the Aa*-Ab* relationship examined in Figs. 6-8, it is
important to consider the Afl*-AL*, and Ab*-AL* planes because the experimental
color matches involved adjustments to each of the three independent variables
defining the CIELAB color space. Figures 9 and 10 show the 95% confidence
regions for the sample distribution and sample means of inter-observer cyan-
transparency color matches calculated with the 1931 CIE 2 Standard
Colorimetric Observer for the Aa*-AL*, and Ab*-AL* planes, respectively.
10.0
AL*
0.0
-10.0
-10.0 0.0
A a*
10.0
FIG. 9. Twenty inter-observer (0) cyan-transparency color matches bound
by Aa*-AL*95% bivariate confidence ellipses of the sample distribution, and the
sample mean. The 1931 CIE 2 Standard Colorimetric Observer matchpoint is
located at the origin.
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10.0
AL*
o.o
-10.0
-10.0 0.0
Ab*
10.0
FIG. 10. Twenty inter-observer (0) cyan-transparency color matches bound
by Ab*-AL*95% bivariate confidence ellipses of the sample distribution, and the
sample mean. The 1931 CIE 2 Standard Colorimetric Observer matchpoint is
located at the origin.
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It is apparent from Figs. 8, 9, and 10, that at a 95% confidence level the
mean color match of the twenty observers for the cyan transparency is not
significantly different than the predicted color match for the 1931 CIE
2
Standard Colorimetric Observer. If any one of the three confidence regions
defining the sample means of the Aa*-Ab*, Aa*-AL*, or Ab*-AL* planes do not
contain the theoreticalmean match for a given standard observer, the mean color
matches are considered to be statistically significantly different As shown in
10
Ab* o
-10
1 I 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
V VL). \
\ * 1
-10 0
A a*
10
FIG. 1 1 . Twenty intra-observer cyan-transparency color matches bound by
both 95% bivariate confidence ellipses of the sample distribution, and the
sample mean in the CIELAB
Aa*-Ab* plane. The 1931 CIE 2 Standard
Colorimetric Observer matchpoint located at the origin is significantly different at
the a = .05 level than the mean color matches of the single intra-observer.
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Figs. 11-13, the intra-observer mean color matches for the cyan transparency are
significantly different than the predicted color match for the 1931 CIE
2
Standard Colorimetric Observer for all three CIELAB planes. It can be
concluded that the 1931 CIE 2 Standard Colorimetric Observer matchpoint for
the cyan transparency is not included or represented in the population of color-
matches made by the single observer.
AL* o -
FIG. 12. Twenty intra-observer cyan-transparency color matches bound by
both 95% bivariate confidence ellipses of the sample distribution, and the
sample mean in the CIELAB Da*-DL plane. The 1931 CIE
2 Standard
Colorimetric Observer matchpoint located at the origin is significantly different at
the a = .05 level than the mean color matches of the single intra-observer.
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FIG. 13. Twenty intra-observer cyan-transparency color matches bound by
both 95% bivariate confidence ellipses of the sample distribution, and the
sample mean in the CIELAB Ab*-AL* plane. The 1931 CIE 2 Standard
Colorimetric Observer matchpoint located at the origin is significantly different at
the a = .05 level than the mean color matches of the single intra-observer.
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Bishop's Test Homogeneity ofVariance
The variability of differentmultidimensional populations can be compared with
a multivariate analog to Bartletfs test for homogeneity of variance in a
univariate population, called Bishop's test33 Bishop's test, designed to compare
the covariance matrices for k populations, is presented in terms of the following
null and alternative hypotheses:
Ho: Zi=E2= =*= (7)
Hi: Ei * for at least one i. (8)
Let S, be the sample estimate of Si, and let
S* be the average of these k matrices
weighted by degrees of freedom. Given
m = (11,-1), and
1=1
(9)
(k-l)(p)(p + l)
J ~ 2 (10)
the test statistic is
h =
ns /m
i=l
If -2m logeh > ^.a), reject Ho', otherwise fail to reject Ho.
(H)
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Bishop's testwas used to compare the sample covariances of the three sets
of color-matching functions for color matches made by both intra- and inter-
observers given the following hypothesis:
Ho! SciE2 = SaElO" = Sstiles-Burch 2 = S (12)
Hi : S, * S for at least one i. (13)
There was no significant difference between the sample covariance matrices of
the three sets of color-matching functions for all fourteen of the color matches
made by the group of twenty observers. In the case of the single observer, a
significant difference existed only between the sample covariance matrices of the
three sets of color-matching functions for the color matches of the blue
transparency.
Bishop's test was also used to compare the sample covariances of intra-
and inter-observer color matches for each combination of color, medium, and
color-matching functions, given the following hypothesis:
Ho " Slntra = Sinter (14)
Hi Slntra ^ Sinter (15)
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A significant difference existed between all of the sample covariance matrices of
the intra- and inter-observer color matches for each combination of color,
medium, and color-matching functions, except for the yellow transparency
matches.
Hotelling's T2 Test forMeans
The accuracy of the three sets of color-matching functions for predicting the
mean color matches produced by the intra- and inter-observers was examined
with a multivariate test for means. Hotelling's T2 test for means was used to
compare the experimental mean color matches with the theoretical color matches
calculated for each of the three sets of color-matching functions, given the
following hypotheses;
H0:xo = n (16)
H!:xo*m (17)
where fi is a vector containing the CIELAB values calculated for a hard-copy
stimulus with a given set of color-matching functions, and xo is a vector
containing the mean experimentally determined CIELAB values for the
soft-
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copymatch calculated with the given set of color-matching functions for a group
of observers.
Given
fi = [L* a* b *] standard observer (18)
X0
= \i-i 0 0 I experimental observers (*')
The test statistic is
T2 = n[xo-^]S1[xo-^]'. (20)
If T2 > T2 , reject Ho) HT2<T1a, fail to reject Ho. V-a is determined by the
relationship
-pa=(n-l)(j>)(FP,.P,a)/(n-p) (21)
where FP, n-P, a , is the a point of the F distributionwith Vi
= p, and v2 = n-p degrees
of freedom.
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TableVII shows the results of Hotelling's T2 test for means comparing the
mean color matches made by the group of twenty observers with the
hypothetical means predicted using each of the three sets of color-matching
functions. The checkmarks (V) indicate that the mean color matches are not
significantly different from the specified standard observer at the a = .05 level.
The Stiles-Burch 2 color-matching functions accurately predicted nine of the
fourteen inter-observer mean color matches; the CIE 2 Standard Colorimetric
TABLE VII. The results of Hotelling's T2 test for means comparing the mean
color matches made by the group of twenty observers with the hypothetical
means predicted with three sets of color-matching functions. A (V) indicates that
the mean color matches are not significantly different from the specified standard
observer at the a = .05 level.
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Observer color-matching functions accurately predicted six of the fourteen inter-
observer mean color matches; and the CIE 10 color-matching functions
accurately predicted only one of the fourteen inter-observermean colormatches.
The Stiles-Burch and CIE 2 color-matching functions outperformed the CIE
10
Supplemental Standard Colorimetric Observer color-matching functions in terms
of predicting the mean color match for a population of color normal observers.
The relatively poor performance of the CIE
10 Supplemental Standard
Colorimetric Observer color-matching function is not unexpected, considering
the fact that the experimental color-matching stimulus was restricted to a
2.9
TABLE VIII. The checkmarks (V) indicate that the mean color matches predicted
by the respective sets of color-matching functions were contained in the
ellipsoids which defined the 95% confidence regions at the a - .05 level of the
sample distributions of inter-observer color matches.
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visual field. Although the standard observer color-matching functions were not
able to predict the mean color matches of the group of twenty observers for
every sample, it is important to note that in every case the predicted color
matches were contained in the ellipsoids that defined the 95% confidence
regions at the a = .05 level for the sample distributions of inter-observer color
matches, as shown in Table VIE. Therefore, it can be said that the hypothetical
color matches determined with the standard observers are representative of a
member of the population of inter-observer color matches determined in this
experiment
Table DC shows the results of Hotelling's T2 test for means comparing the
mean color matches made by the single observer with the hypothetical mean
color matches predicted with the three sets of color-matching functions. The
checkmarks (V ) indicate that the mean color matches are not significantly
different from the specified standard observer at the a = .05 level. The means
were found to be significantly different for all color matches except the green
transparency and the
2
observers. As shown in Table X, the checkmarks (V)
indicate that the predicted mean color matches were contained in the ellipsoids
which defined the 95% confidence regions at the a = .05 level for the sample
distributions of intra-observer color matches in only 26 out of 42 cases. It is
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apparent from these results that the single observer is not characteristic of the
standard observers examined in this experiment. This result is not unusual, as
the standard observers are represented by sets of mean color-matching functions
determined from older populations of observers, and it is not unreasonable to
expect any single observer to deviate significantly from any given average or
standard observer.
TABLE IX. The results of Hotelling's T2 test for means comparing the mean
color matches made by the single observer with the hypothetical means
predicted with three sets of color-matching functions. A (V) indicates that the
mean color matches are not significantly different from the specified standard
observer at the a = .05 level.
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TABLE X. The checkmarks (V) indicate that the mean color matches predicted
by the respective sets of color-matching functions were contained in the
ellipsoids which defined the 95% confidence regions at the a = .05 level of the
sample distributions of intra-observer color matches.
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Predicted ObserverVariability
The color-matching data collected during the course of this research provides the
scientific community with the opportunity to compare predictions of observer
variability with experimental data. Two different methods are examined for
calculating the predicted range of color mismatch for a population of observers
with normal color vision for the cross-media metameric pairs utilized in this
study.
The firstmethod is based on the recommendations for predicting a range
of color mismatch resulting from change in observers outlined in the CIE
Technical Report Publication No. 80 Special Metamerism Index: Change in
Observer.34 The CIE recommendations are based on a set of four spectral
tristimulus deviation functions derived through singular value decomposition of
experimental color matching function data. The second method utilizes spectral
tristimulus uncertainties derived by Isadore Nimeroff and colleagues to make
predictions of the range of color mismatches realized by a color normal
population of observers.26 Both methods, designed to derive fundamental
observer variability data, are based on the statistical analysis of the Stiles-Burch
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experimental color matching functions. It is therefore prudent, if not necessary,
to examine the color matching function data collected by Stiles & Burch.
The individual color matching functions measured by Stiles-Burch and
referenced by the CLE Pub. No. 80, and Isadore Nimeroff, et ah, were derived
through a normalization process35; whereby the intensities of the primary stimuli
were divided by the intensity, measured in energy units, of the spectral test
stimulus for each experimental color match. In addition, Stiles normalized the
color matching functions to a value of 1.0 at each of the primary wavelengths.
The estimation of inter-observer variability is fundamentally influenced by the
normalization of the color matching function data used to determine the inter-
individual variation. The normalization procedures used by Stiles on the color
matching data result in a significant loss of luminance variance. The loss of
luminance variance inherent in the data set of color-matching functions
experimentally measured by Stiles-Burch is ultimately propagated through the
statistical analyses performed by the CIE, and Nimeroff, et al. It is therefore
expected that the observer variability predicted by these two methods will be
artificially small. The reduction in observer variability will be most severe in the
CIE AL* direction when plotting predicted ranges of color mismatch in CIELAB
space.
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CIE Standard Deviate Observer
The CIE Standard Deviate Observer25- M developed by CIE Committee TC 1-07
was designed to represent the individual variations among color-normal
observers. The Standard Deviate Observer was derived from singular value
decomposition using 20 of Stile's 49 observers (10) from 20 to 60 years of age.
The decomposition method gave four sets of deviation functions. The four
deviation functions are used in combination to describe a range of color
mismatch. The first set of deviation functions, shown in Fig. 14, in conjunction
with a CIE Standard Colorimetric Observer (either 1931 or 1964), is used to
define the color-matching functions of the standard deviate observer:
xdev(x) = x(x) + Ax, (a)
ydev(x) = y(x) + Ay,a) (22)
zdev(x) = z(x) + Azy0t)
where xdev(x) is a Standard Deviate Observer color-matching function, Axj(x) is
a first deviation function, and x(x) is a CIE Standard Colorimetric Observer
color-matching function. The set of Standard Deviate Observer color-matching
functions based on the 1931 CIE 2 Standard Colorimetric Observer is shown in
Fig. 15. The original Stiles color-matching data were normalized functions, in
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effect eliminating a significant portion of the luminance variation inherent in the
experimental data. The effects of normalization can be seen in the minimal
deviation between the ydev and the ycieP functions depicted in Fig. 15, and the
small magnitude of Ay l shown in Fig. 14.
0.10
-0.15
380 430 480 530 580 630 680 730
Wavelength (nm)
FIG. 14. The first deviation functions of the CIE Standard Deviate Observer;
Ax, (dashed line); Ay, (solid line); Az, (dotted line).
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FIG. 15. CIE standard deviate observer (dashed lines), and 1931 CIE
Standard Colorimetric Observer color-matching functions (solid lines).
Much of the variability among observers is due to the eye-lens absorption and
scattering.6 The density of the lens has been shown to increase with age.6- M The
first deviate was found to correlate with the lens density function. The CIE34
proposed that the CIE standard deviate observer could be used to show the
degree of color mismatch according to the observer's age N. This dependence is
modeled as a linear function of agemodifying the first deviation function, where
Z(JV) = 0.064JV-2.31 .and (23)
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Axj(X, N)
Ay,(A, N)
N)
= L(N)
Axj(A)
Ayy(A)
Azj(X)
(24)
This equation is effective only for ages 20-60 years because the scope of
Stiles'
observer data was limited to this range. The method was used to predict soft-
copy color matches for the hard-copy samples used in this experiment, based on
CIE standard deviate observers of 20, 30, 40, 50, and 60 years of age. The
predicted GTE-standard-deviate-observer color matches for the magenta
transparency are plotted in Fig. 11. along with the mean color matches of the
twenty observers divided into four groups of five observers, averaging 25, 33,
44, and 54 years of age. As expected, CIE standard deviate observer color
matches predicted for observers between twenty and sixty years of age exhibit a
linear trend. The mean color matches for the four age groups of observers,
exhibit no clear trend with respect to age. The experimental data for this and all
other colors suggest that variability between observers is not well defined by a
simple linear function of age.
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FIG. 16. Age effect on color mismatches. Magenta-transparency age
related color matches predicted by the CIE standard deviate observer; solid thick
line. Magenta-transparency mean color matches for four mean age groups of
observers. The matchpoint for the 1931 CIE Standard Colorimetric Observer is
located at the origin.
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The CIE34 outlines a methodology for evaluating a range of color
mismatches for metameric pairs by a statistical confidence ellipse in a uV
chromaticity diagram. Tristimulus value deviations, A 2Xi, A 2Yj, A 2Y; are used
to define a CIE XYZ covariance matrix. Tristimulus value deviations are
calculated from the spectral differences of the metameric stimuli in conjunction
with the four deviation functions as shown in Eqs. 25 and 26.
"AXiW
A2Yj = ZAp(A) S{X) AyiW
A2Zj X A*i(A)
AX (25)
Ap{X) =p2{X)-p1{X) (26)
The CIE XYZ covariance matrix Zxyz is defined as
(A2Xi)2
A'Xi-A'Y;
4
^XYZ = Zj A2YrA2Xi
(A2Yi)2
A2YrA2Zi
i=l
A2Zi-A2Xi A2ZrA2Yi
(A2Z;)2
(27)
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Instead of transforming the XYZ covariance matrix 1^ to a uV covariance
matrix ZuV as recommended by the CIE34 for determining a confidence ellipse in
the uV chromaticity plane, the XYZ covariance matrix Z^ was transformed to
an L*a*b* covariance matrix in order to compare the ranges of the intra- and
inter-observer mismatches from the experiment described in this article with the
CIE standard deviate observer predicted range of mismatch in the CIELAB
appearance space. The XYZ covariance matrix Exyz is transformed to an L*a*b*
covariance matrix fLub by pre- and post-multiplying the Zxyz covariance matrix
with a 3x3 matrix and its transpose composed of partial derivatives of L*, a*, and
b*
with respect to X, Y, and Z:
^Lab =MZXYZM\ (28)
M =
8 *
0 L
SY
0
8 * 8 *
a a 0
8X 8Y
8 , * 8 , *
0 b b
8Y 8Z
(29)
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The ellipsoidal 95% confidence region for the range of color mismatches is
defined by a quadratic distance function
DEta&D'
= Q (30)
where D = [AL* Aa* Ab*], and Q = x2(3, .05). The center of the ellipsoid when
AL*=Aa*-Ab*=0 corresponds to the CIELAB coordinates of the reference stimuli.
Using the aforementioned CIE method, XYZ uncertainties are calculated
from tristimulus value deviations, and a bivariate 95% confidence ellipsoid
containing the range of
(AL* Aa*, Ab*) color mismatches is calculated for the
cyan-transparency sample. As shown in Fig. 17, a bivariate ellipse is plotted in
the
Aa*-Ab*
plane with the experimentally determined bivariate 95% confidence
ellipses of the sample distributions established for the intra- and inter-observer
color matches. It is clear that the CIE method substantially under predicts the
experimentally-observed range of color mismatches.
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FIG. 17. Bivariate 95% confidence regions for measured and predicted
ranges of color mismatch for the cyan transparency; inter-observer data; intra-
observer data; CIE standard deviate observer.
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Variability Of Spectral Tristimulus Values
Nimeroff, Rosenblatt, and Dannemiller derived fundamental estimates of
variances and covariances in spectral tristimulus values, based on color
matching for individual observers.26 The inter-observer variances were derived
for 10-field color-matching data from 53 Stiles-Burch observers, and 27
Speranskaya observers. Inter-observer covariances were derived only using the
0.025
0.020 -
g 0.015
c
CO
> 0.010 -
0.005
0.000
400 500 600
Wavelength (nm)
700
FIG. 18. Fundamental spectral tristimulus variances derived by Nimeroff,
Rosenblatt, and Dannemiller for the 10-field color-matching data of 53 Stiles-
Burch observers, and 27 Speranskaya observers.
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color-matching data collected from the 53 Stiles-Burch observers. The color-
matching functions measured by Stiles-Burch were normalized35 by dividing the
primary matching stimuli by the intensity of the test stimulus. In addition, Stiles
normalized the color matching functions to a value of 1.0 at each of the primary
wavelengths. The normalization of color-matching functions in this manner has
the effect of eliminating a significant component of luminance variance as can be
seen by the relatively small degree of variation associated with the y tristimulus
function shown in Fig. 18.
A variation of the CIE methodology to define a range of color mismatch is
used to construct a 95% confidence region of color mismatch for the cyan
transparency, based on the tristimulus value uncertainties derived by Nimeroff
et al.26 An XYZ covariance matrix Z^ is calculated from the variance and
covariance components:
nx10y
V(Yl0)
V(Zl0)
Cov(X10,Y10)
Cov(X10,Z10)
Cov(Y10,Z10)
ZAP(A)
X
nv10(A))
^10(A))
Cov(x10(A), yl0(X))
Cov(x10(A), z1Q(X))
Cov(J10(A), Zio(A))
AX (31)
A?(X) = P (A) -P (A) (32)
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where AP is the difference in radiant spectral power between a pair ofmetameric
stimuli. The XYZ covariance E^ is used to construct a 95% confidence region
containing the range of (AL*, Aa*, Ab*) color mismatch predicted for the cyan-
transparency sample, based on the uncertainties derived by Nimeroff et al. for
the CIE 10 Supplemental Standard Colorimetric Observer.
Figures 19-21 each show four bivariate 95% confidence regions for
measured and predicted ranges of color mismatch for the cyan transparency.
The four regions are defined by the inter-observer sample data, the intra-
observer sample data, the CIE standard deviate observer recommendations, and
the Nimeroff et al. tristimulus uncertainties. The intra- and inter-observer
ellipses defined by experimental data are significantly larger than the predicted
CIE, and Nimeroff et al. based ellipses. The loss of luminance variance
associated with the normalization of the color-matching function data used by
the CIE, and Nimeroff et al. to assess observer variability is readily seen in the
compressed
L* dimension of the CIE, and Nimeroff et al. based ellipses predicted
for the cyan transparency, shown in Figs. 20, and 21. The AL* components of the
CIE, and Nimeroff et al. based confidence ellipses predicted for each of the
thirteen other color-medium samples were found to be similarly compressed
when compared with the CIE, and Nimeroff et al. based confidence ellipse
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predicted for the cyan transparency. These ellipses also significantly under
estimated the experimentally-observed variances in the Aa*-Ab* dimensions for
the other 13 colors.
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FIG. 19. Bivariate 95% confidence regions for measured and predicted
ranges of color mismatch for the cyan transparency; inter-observer data; intra-
observer data; CIE standard deviate observer; and Nimeroff et al. tristimulus
uncertainties; in the CIELAB
Aa*-Ao*
plane.
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FIG. 20. Bivariate 95% confidence regions for measured and predicted
ranges of color mismatch for the cyan transparency; inter-observer data; intra-
observer data; CIE standard deviate observer; and Nimeroff et al. tristimulus
uncertainties; in the CIELAB
Aa*-AL*
plane.
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FIG. 21. Bivariate 95% confidence regions for measured and predicted
ranges of color mismatch for the cyan transparency; inter-observer data; intra-
observer data; CIE standard deviate observer; and Nimeroff et al. tristimulus
uncertainties; in the CIELAB
Ab*-AL*
plane.
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Scaling CovarianceMatrices
An attempt was made to devise a method for scaling the experimentally
established inter-observer uncertainties to predict the uncertainties and range of
colormismatch determined with the recommendations outlined in CIE Technical
Report Publication No. 80 Special Metamerism Index: Change in Observer for
the Standard Deviate Observer.34
The inter-observer AL*, Aa*, and Ab* variances calculated for the 1931 CIE
2 Standard Colorimetric Observer were averaged for each of fourteen
experimental matches. Uncertainties were calculated for the ranges of color
mismatch for each of the fourteen color centers using the recommendations
outlined in CIE Technical Report Publication No. 80 Special Metamerism Index:
Change in Observer^ with the 1931 CIE 2 Standard Colorimetric Observer. The
ratios of experimental inter-observer AL*, Aa*, and Ab* variance to CIE
recommendations based AL* Aa*, and Ab* variances calculated for each of the
fourteen color centers were averaged to determine a set of experimental to CIE
recommendations based general variance scalars. Products of the square roots of
the averaged variance scalars were used to calculate the following general
covariance scalars:
Var(AZ.*; Var(Aa*J Var(A/)*; Cov(AZ.*.Aa*) Cov(AZ.*.A6*J Cov(Aa*.A/)*j
9439 132 134 1115 1125 133
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The experimentally determined uncertainties were multiplied by the
respective general variance and covariance scalars to predict the CIE
recommendations based covariance matrices for each of the fourteen
experimental color centers.
Bishop's test (Eq. 11) was used to test the performance of the covariance
scaling method, by assessing the homogeneity of variance between the scaled
experimental covariance matrices and the CIE recommendations based estimated
covariance matrices. Using a=0.05, the covariance matrices were found to be
significantly different for each of the experimental samples, except for the green
transparency sample as shown in Table XL
TABLE XI. Results of Bishop's test for homogeneity of variance for scaled and
estimated covariance matrices.
PRINTS TRANSPARENCIES
COLOR %2(3, 0.5) Bishop's test statistic COLOR %2(3. 0.5) Bishop's test statistic
Red 12.59 45.43 Red 12.59 54.98
Green 12.59 63.08 Green 12.59 9.59
Blue 12.59 35.93 Blue 12.59 62.11
Gray 12.59 125.30 Gray 12.59 54.93
Cyan 12.59 30.74 Cyan 12.59 52.11
Magenta 12.59 38.23 Magenta 12.59 18.01
Yellow 12.59 60.43 Yellow 12.59 67.32
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CONCLUSIONS
A visual experiment was designed and performed to measure the magnitude of
uncertainties associated with both intra- and inter-observer variability in cross-
media color matching. The range of color mismatch was found to be as large as
19 CIELAB units for hard- to soft-copy color matches. The results indicate that
the variability of inter-observer color matches is approximately twice as large as
the variability of intra-observer color matches for the metameric pairs of soft and
hard-copy media examined in this experiment. All metameric matchpoints for
the three standard observers were found to be inside the 95% confidence ellipses
of the sample distributions of inter-observer color matches. The majority of the
matchpoints for the 2 standard observers were contained within the 95%
confidence ellipses of the sample means of inter-observer color matches. These
results suggest that the existing CIE Standard Colorimetric Observers are a
reasonably good representation of the population of normal trichromats, and
confirm the concepts regarding CIE colorimetry recently described by
Fairchild.36
The experimentally established ranges of intra- and inter-observer color
mismatch were found to be significantly larger than the ranges of color
mismatch calculated from CIE recommendations on observer metamerism and
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the ranges of color mismatch calculated from the estimated spectral tristimulus
uncertainties derived by Nimeroff et al. The CIE method, and Nimeroff et al.
uncertainties were derived from normalized color-matching function data which
significantly diminished the variance component associated with luminance,
resulting in regions of color mismatch unnaturally compressed in the
L*
dimension. The experimental inter-observer color-matching data showed no
correlationwith age, as is predicted by the linear function of age modeled for the
CIE standard deviate observer. It is suggested that the CIE recommendations on
observer metamerism be reviewed as proposed by the CIE,37 and further
research be performed to better quantify the variability associated with observer
metamerism in practical cross-media color matching, in addition to developing
more accurate techniques for predicting the range of color mismatches.
The quantification of observer uncertainties realized by this experiment
offer a starting point for reassessing the accuracy required in cross-media color
matches. When assessing the result of this research it is important to take into
account the practical differences between the viewing conditions and parameters
of typical cross-media color matching, and the those of this experiment,
including; observer awareness of matching media, stimuli proximity, spatial
characteristics, and image complexity. The parameters of simple non textured
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adjoining stimuli presented in indistinguishablemedia were chosen to minimize
the observer variability in making cross-media color matches. It is anticipated
that greater observer variabilitywould be realized in a more typical cross-media
colormatching environmenL
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APPENDIX A
Intra- and Inter-ObserverExperimental ColorMatches
1931 CIE 2 Standard Colorimetric Observer
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APPENDIX FIG. A1. Intra-observer (X), and inter-observer (O), red print color
matches plotted relative to the 1931 CIE 2 Standard Colorimetric Observer
matchpoint located at the origin of the Aa*-Ab*, Aa*-AL* and Ab*-AL* CIELAB
planes.
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Intra- and Inter-Observer Experimental Color Matches
1964 CIE 10 Supplemental Standard Colorimetric Observer
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APPENDIX FIG. A2. Intra-observer (X), and inter-observer (O), red print color
matches plotted relative to the 1964 CIE
10 Supplemental Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-Ab* Aa*-AL*
and
Ab*-AL*CIELAB planes.
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Intra- and Inter-Observer Experimental Color Matches
1955 Stiles-Burch 2 Pilot StudyMeanObserver
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APPENDIX FIG. A3. Intra-observer (X), and inter-observer (O), red print color
matches plotted relative to the Stiles-Burch
2
pilot study mean observer
matchpoint located at the origin of the Aa*-Ab* Aa*-AL* and Ab*-AL* CIELAB
planes.
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Intra- and Inter-Observer Experimental ColorMatches
1931 CIE2 Standard Colorimetric Observer
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APPENDIX FIG. A4. Intra-observer (X), and inter-observer (O), green print color
matches plotted relative to the 1931 CIE
2 Standard Colorimetric Observer
matchpoint located at the origin of the Aa*-Ab*, Aa*-AL* and Ab*-AL* CIELAB
planes.
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Intra- and Inter-Observer Experimental ColorMatches
1964 CIE 10 Supplemental Standard Colorimetric Observer
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APPENDIX FIG. A5. Intra-observer (X), and inter-observer (O), green print color
matches plotted relative to the 1964 CIE 10 Supplemental Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-Ab*, Aa*-AL*
and Ab*-AL* CIELAB planes.
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Intra- and Inter-Observer Experimental ColorMatches
1955 Stiles-Burch 2 Pilot StudyMean Observer
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APPENDIX FIG. A6. Intra-observer (X), and inter-observer (O), green print color
matches plotted relative to the Stiles-Burch
2
pilot study mean observer
matchpoint located at the origin of the
Aa*-A>* Aa*-AL* and
Ab*-AL* CIELAB
planes.
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Intra- and Inter-Observer Experimental ColorMatches
1931 CIE 2 Standard Colorimetric Observer
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APPENDIX FIG. A7. Intra-observer (X), and inter-observer (O), blue print color
matches plotted relative to the 1931 CIE 2 Standard Colorimetric Observer
matchpoint located at the origin of the Aa*-Ab*, Aa*-AL* and Ab*-AL* CIELAB
planes.
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Intra- and Inter-Observer Experimental Color Matches
1964 CIE 10 Supplemental Standard Colorimetric Observer
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APPENDIX FIG. A8. Intra-observer (X), and inter-observer (O), blue print color
matches plotted relative to the 1964 CIE 10 Supplemental Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-Ab*, Aa*-AL*
and Ab*-AL* CIELAB planes.
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Intra- and Inter-Observer Experimental Color Matches
1955 Stiles-Burch2 Pilot StudyMean Observer
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APPENDIX FIG. A9. Intra-observer (X), and inter-observer (O), blue print color
matches plotted relative to the Stiles-Burch 2 pilot study mean observer
matchpoint located at the origin of the Aa*-Ab*, Aa*-AL*, and Ab*-AL* CIELAB
planes.
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Intra- and Inter-Observer Experimental ColorMatches
1931 CIE2 Standard Colorimetric Observer
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APPENDIX FIG. A10. Intra-observer (X), and inter-observer (O), gray print color
matches plotted relative to the 1931 CIE
2 Standard Colorimetric Observer
matchpoint located at the origin of the
Aa*-Ab* Aa*-AL*
and
Ab*-AL* CIELAB
planes.
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Intra- and Inter-Observer Experimental ColorMatches
1964 CIE 10 Supplemental Standard Colorimetric Observer
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APPENDIX FIG. A11. Intra-observer (X), and inter-observer (O), green print
color matches plotted relative to the 1964 CIE 10 Supplemental Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-Ab*, Aa*-AL*
and
Ab*-AL* CIELAB planes.
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Intra- and Inter-Observer Experimental ColorMatches
1955 Stiles-Burch2 Pilot StudyMean Observer
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APPENDIX FIG. A12. Intra-observer (X), and inter-observer (O), gray print color
matches plotted relative to the Stiles-Burch
2
pilot study mean observer
matchpoint located at the origin of the Aa*-Ab*, Aa*-AL* and
Ab*-AL* CIELAB
planes.
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Intra- and Inter-Observer Experimental Color Matches
1931 CIE2 Standard ColorimetricObserver
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APPENDIX FIG. A13. Intra-observer (X), and inter-observer (O), cyan print color
matches plotted relative to the 1931 CIE 2 Standard Colorimetric Observer
matchpoint located at the origin of the Aa*-Ab*, Aa*-AL* and Ab*-AL* CIELAB
planes.
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Intra- and Inter-Observer Experimental ColorMatches
1964 CIE 10 Supplemental Standard ColorimetricObserver
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APPENDIX FIG. A14. Intra-observer (X), and inter-observer (O), cyan print color
matches plotted relative to the 1964 CIE 10 Supplemental Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-Ab*, Aa*-AL*
and
Ab*-AL* CIELAB planes.
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Intra- and Inter-Observer Experimental ColorMatches
1955 Stiles-Burch 2 Pilot Study Mean Observer
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APPENDIX FIG. A15. Intra-observer (X), and inter-observer (O), cyan print color
matches plotted relative to the Stiles-Burch
2
pilot study mean observer
matchpoint located at the origin of the Aa*-Ab*, Aa*-AL* and Ab*-AL* CIELAB
planes.
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APPENDIX FIG. A16. Intra-observer (X), and inter-observer (O), magenta print
color matches plotted relative to the 1931 CIE 2 Standard Colorimetric
Observer matchpoint located at the origin of the Aa*-Ab* Aa*-AL* and Ab*-AL*
CIELAB planes.
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APPENDIX FIG. A17. Intra-observer (X), and inter-observer (O), magenta print
color matches plotted relative to the 1964 CIE
10 Supplemental Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-AZ>* Aa*-AL*
and
Ab*-AL* CIELAB planes.
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APPENDIX FIG. A18. Intra-observer (X), and inter-observer (O), magenta print
color matches plotted relative to the Stiles-Burch 2 pilot study mean observer
matchpoint located at the origin of the Aa*-Ab*, Aa*-AL* and Ab*-AL* CIELAB
planes.
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APPENDIX FIG. A19. Intra-observer (X), and inter-observer (O), yellow print
color matches plotted relative to the 1931 CIE
2 Standard Colorimetric
Observer matchpoint located at the origin of the Aa*-Ab*. Aa*-AL* and Ab*-AL*
CIELAB planes.
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APPENDIX FIG. A20. Intra-observer (X), and inter-observer (O), yellow print
color matches plotted relative to the 1964 CIE 10 Supplemental Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-A6* Aa*-AL*
and
Ab*-AL*CIELAB planes.
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APPENDIX FIG. A21. Intra-observer (X), and inter-observer (O), yellow print
color matches plotted relative to the Stiles-Burch
2
pilot study mean observer
matchpoint located at the origin of the Aa*-Ab*, Aa*-AL* and A6*-AL* CIELAB
planes.
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APPENDIX FIG. A22. Intra-observer (X), and inter-observer (O), red
transparency color matches plotted relative to the 1931 CIE
2 Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-Ab* Aa*-AL*
and
Ab*-AL* CIELAB planes.
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APPENDIX FIG. A23. Intra-observer (X), and inter-observer (O), red
transparency color matches plotted relative to the 1964 CIE
10 Supplemental
Standard Colorimetric Observer matchpoint located at the origin of the Aa*-Ab*
Aa*-AL*
and
Ab*-AL* CIELAB planes.
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APPENDIX FIG. A24. Intra-observer (X), and inter-observer (O), red
transparency color matches plotted relative to the Stiles-Burch 2 pilot study
mean observer matchpoint located at the origin of the Aa*-Ab*, Aa*-AL* and Ab*-
AL* CIELAB planes.
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APPENDIX FIG. A25. Intra-observer (X), and inter-observer (O), green
transparency color matches plotted relative to the 1931 CIE
2 Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-Ab*. Aa*-AL*
and
Ab*-AL*CIELAB planes.
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APPENDIX FIG. A26. Intra-observer (X), and inter-observer (O), green
transparency color matches plotted relative to the 1964 CIE
10 Supplemental
Standard Colorimetric Observer matchpoint located at the origin of the Aa*-Ab*
Aa*-AL* and
Ab*-AL* CIELAB planes.
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APPENDIX FIG. A27. Intra-observer (X), and inter-observer (O), green
transparency color matches plotted relative to the Stiles-Burch
2
pilot study
mean observer matchpoint located at the origin of the
Aa*-Ab* Aa*-AL*
and Ab*-
AL* CIELAB planes.
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APPENDIX FIG. A28. Intra-observer (X), and inter-observer (O), blue
transparency color matches plotted relative to the 1931 CIE
2 Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-Ab* Aa*-AL*
and
Ab*-AL* CIELAB planes.
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APPENDIX FIG. A29. Intra-observer (X), and inter-observer (O), blue
transparency color matches plotted relative to the 1964 CIE
10 Supplemental
Standard Colorimetric Observer matchpoint located at the origin of the Aa*-Ab*
Aa*-AL*. and
Ab*-AL* CIELAB planes.
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APPENDIX FIG. A30. Intra-observer (X), and inter-observer (O), blue
transparency color matches plotted relative to the Stiles-Burch
2
pilot study
mean observer matchpoint located at the origin of the
Aa*-Ab* Aa*-AL*
and Ab*-
AL* CIELAB planes.
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APPENDIX FIG. A31. Intra-observer (X), and inter-observer (O), gray
transparency color matches plotted relative to the 1931 CIE
2 Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-Ab* Aa*-AL*
and
Ab*-AL*CIELAB planes.
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APPENDIX FIG. A32. Intra-observer (X), and inter-observer (O), green
transparency color matches plotted relative to the 1964 CIE
10 Supplemental
Standard Colorimetric Observer matchpoint located at the origin of the
Aa*-Ab*
Aa*-AL*
and
Ab*-AL* CIELAB planes.
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APPENDIX FIG. A33. Intra-observer (X), and inter-observer (O), gray
transparency color matches plotted relative to the Stiles-Burch
2
pilot study
mean observer matchpoint located at the origin of the
Aa*-Ab* Aa*-AL*
and Ab*-
AL*CIELAB planes.
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APPENDIX FIG. A34. Intra-observer (X), and inter-observer (O), cyan
transparency color matches plotted relative to the 1931 CIE
2 Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-Ab* Aa*-AL*
and
Ab*-AL*CIELAB planes.
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APPENDIX FIG. A35. Intra-observer (X), and inter-observer (O), cyan
transparency color matches plotted relative to the 1964 CIE
10 Supplemental
Standard Colorimetric Observer matchpoint located at the origin of the Aa*-Ab*
Aa*-AL*
and
Ab*-AL* CIELAB planes.
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APPENDIX FIG. A36. Intra-observer (X), and inter-observer (O), cyan
transparency color matches plotted relative to the Stiles-Burch
2
pilot study
mean observer matchpoint located at the origin of the
Aa*-Ab* Aa*-AL*
and Ab*-
AL* CIELAB planes.
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APPENDIX FIG. A37. Intra-observer (X), and inter-observer (O), magenta
transparency color matches plotted relative to the 1931 CIE
2 Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-Ab* Aa*-AL*
and
Ab*-AL*CIELAB planes.
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APPENDIX FIG. A38. Intra-observer (X), and inter-observer (O), magenta
transparency color matches plotted relative to the 1964 CIE
10 Supplemental
Standard Colorimetric Observer matchpoint located at the origin of the Aa*-Ab*
Aa*-AL*. and Ab*-AL* CIELAB planes.
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APPENDIX FIG. A39. Intra-observer (X), and inter-observer (O), magenta
transparency color matches plotted relative to the Stiles-Burch
2
pilot study
mean observer matchpoint located at the origin of the
Aa*-Ab* Aa*-AL*
and Ab*-
AL* CIELAB planes.
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APPENDIX FIG. A40. Intra-observer (X), and inter-observer (O), yellow
transparency color matches plotted relative to the 1931 CIE
2 Standard
Colorimetric Observer matchpoint located at the origin of the Aa*-Ab*, Aa*-AL*
and
Ab*-AL*CIELAB planes.
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APPENDIX FIG. A41. Intra-observer (X), and inter-observer (O), yellow
transparency color matches plotted relative to the 1964 CIE 10 Supplemental
Standard Colorimetric Observer matchpoint located at the origin of the Aa*-Ab*
Aa*-AL*
and
Ab*-AL* CIELAB planes.
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APPENDIX FIG. A42. Intra-observer (X), and inter-observer (O), yellow
transparency color matches plotted relative to the Stiles-Burch
2
pilot study
mean observer matchpoint located at the origin of the
Aa*-Ab* Aa*-AL*
and Ab*-
AL* CIELAB planes.
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APPENDIX B
Experimental & Predicted Ranges ofColorMismatch
RED PRINT
Ab1
APPENDIX FIG. B1. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the red print in the CIELAB Aa*-Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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APPENDIX FIG. B2. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the red print in the CIELAB Aa*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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RED PRINT
AL*
o
APPENDIX FIG. B3. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the red print in the CIELAB
Ab*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
15
10
RED TRANSPARENCY
X\ J5 /f 1 /
Ab*
o
/ 1X %c
/ ' '/
-5
/ i
1 [ X
yX
-10
A C
-10 -5 0
Aa*
10 15
APPENDIX FIG. B4. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the red transparency in the CIELAB Aa*-
Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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RED TRANSPARENCY
AL*
o
APPENDIX FIG. B5. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the red transparency in the CIELAB Da*-
DL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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APPENDIX FIG. B6. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the red transparency in the CIELAB Db*-
DL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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GREEN PRINT
Ab*
o
APPENDIX FIG. B7. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the green print in the CIELAB Aa*-Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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GREEN PRINT
AL*
o
APPENDIX FIG. B8. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the green print in the CIELAB Aa*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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GREEN PRINT
AL*
o
APPENDIX FIG. B9. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the green print in the CIELAB Ab*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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GREEN TRANSPARENCY
Ab*
o
APPENDIX FIG. B10. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the green transparency in the CIELAB
Aa*-Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line);
CIE standard deviate observer (thin line); and Nimeroff et al. tristimulus
uncertainties (dotted line).
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Experimental & Predicted Ranges of ColorMismatch
GREEN TRANSPARENCY
AL*
o
APPENDIX FIG. B11. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the green transparency in the CIELAB
Aa*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line);
CIE standard deviate observer (thin line); and Nimeroff et al. tristimulus
uncertainties (dotted line).
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Experimental & Predicted Ranges ofColorMismatch
GREEN TRANSPARENCY
AL*
o
APPENDIX FIG. B12. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the green transparency in the CIELAB
Ab*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line);
CIE standard deviate observer (thin line); and Nimeroff et al. tristimulus
uncertainties (dotted line).
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Experimental & Predicted Ranges ofColorMismatch
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APPENDIX FIG. B13. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the blue print in the CIELAB Aa*-Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
BLUE PRINT
AL*
o
APPENDIX FIG. B14. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the blue print in the CIELAB Aa*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
132
Experimental & Predicted Ranges of Color Mismatch
BLUE PRINT
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APPENDIX FIG. B15. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the blue print in the CIELAB Ab*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
BLUE TRANSPARENCY
Ab*
o
APPENDIX FIG. B16. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the blue transparency in the CIELAB Aa*-
Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
BLUE TRANSPARENCY
AL*
o
APPENDIX FIG. B17. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the blue transparency in the CIELAB Aa*-
AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
BLUE TRANSPARENCY
AL*
o
APPENDIX FIG. B18. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the blue transparency in the CIELAB Ab*-
AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
GRAY PRINT
Ab*
o
APPENDIX FIG. B19. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the gray print in the CIELAB
Aa*-Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColor Mismatch
GRAY PRINT
AL*
o
APPENDIX FIG. B20. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the gray print in the CIELAB Aa*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
GRAY PRINT
AL*
o
APPENDIX FIG. B21. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the gray print in the CIELAB
Ab*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
GRAY TRANSPARENCY
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APPENDIX FIG. B22. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the gray transparency in the CIELAB Aa*-
Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColor Mismatch
GRAY TRANSPARENCY
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o
APPENDIX FIG. B23. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the gray transparency in the CIELAB Aa*-
AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
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APPENDIX FIG. B24. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the gray transparency in the CIELAB Ab*-
AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColor Mismatch
CYAN PRINT
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APPENDIX FIG. B25. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the cyan print in the CIEI_AB Aa*-Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experiment^ & Predicted Ranges ofColorMismatch
CYAN PRINT
AL*
o
APPENDIX FIG. B26. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the cyan print in the CIELAB Aa*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColor Mismatch
CYAN PRINT
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o
APPENDIX FIG. B27. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the cyan print in the CIELAB Ab*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColor Mismatch
CYAN TRANSPARENCY
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o
APPENDIX FIG. B28. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the cyan transparency in the CIELAB
Aa*-Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line);
CIE standard deviate observer (thin line); and Nimeroff et al. tristimulus
uncertainties (dotted line).
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Experimental & Predicted Ranges ofColorMismatch
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APPENDIX FIG. B29. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the cyan transparency in the CIELAB
Aa*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line);
CIE standard deviate observer (thin line); and Nimeroff et al. tristimulus
uncertainties (dotted line).
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Experimental & Predicted Ranges ofColorMismatch
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APPENDIX FIG. B30. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the cyan transparency in the CIELAB
Ab*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line);
CIE standard deviate observer (thin line); and Nimeroff et al. tristimulus
uncertainties (dotted line).
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Experimental & Predicted Ranges ofColorMismatch
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APPENDIX FIG. B31. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the magenta print in the CIELAB Aa*-Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experiment^ & Predicted Ranges ofColor Mismatch
MAGENTA PRINT
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o
APPENDIX FIG. B32. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the magenta print in the CIELAB Aa*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
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APPENDIX FIG. B33. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the magenta print in the CIELAB Ab*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
MAGENTA TRANSPARENCY
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o
APPENDIX FIG. B34. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the magenta transparency in the CIELAB
Aa*-Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line);
CIE standard deviate observer (thin line); and Nimeroff et al. tristimulus
uncertainties (dotted line).
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Experimental & Predicted Ranges of Color Mismatch
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APPENDIX FIG. B35. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the magenta transparency in the CIELAB
Aa*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line);
CIE standard deviate observer (thin line); and Nimeroff et al. tristimulus
uncertainties (dotted line).
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Experimental & Predicted Ranges of ColorMismatch
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APPENDIX FIG. B36. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the magenta transparency in the CIELAB
Ab*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line);
CIE standard deviate observer (thin line); and Nimeroff et al. tristimulus
uncertainties (dotted line).
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Experimental & Predicted Ranges ofColor Mismatch
YELLOW PRINT
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APPENDIX FIG. B37. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the yellow print in the CIELAB Aa*-Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
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APPENDIX FIG. B38. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the yellow print in the CIELAB Aa*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
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APPENDIX FIG. B39. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the yellow print in the CIELAB Ab*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line); CIE
standard deviate observer (thin line); and Nimeroff et al. tristimulus uncertainties
(dotted line).
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Experimental & Predicted Ranges ofColorMismatch
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APPENDIX FIG. B40. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the yellow transparency in the CIELAB
Aa*-Ab*
plane; inter-observer data (thick line); intra-observer data (dashed line);
CIE standard deviate observer (thin line); and Nimeroff et al. tristimulus
uncertainties (dotted line).
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Experimental & Predicted Ranges ofColorMismatch
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APPENDIX FIG. B41. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the yellow transparency in the CIELAB
Aa*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line);
CIE standard deviate observer (thin line); and Nimeroff ef al. tristimulus
uncertainties (dotted line).
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Experimental & Predicted Ranges ofColorMismatch
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o
APPENDIX FIG. B42. Bivariate 95% confidence regions for measured and
predicted ranges of color mismatch for the yellow transparency in the CIELAB
Ab*-AL*
plane; inter-observer data (thick line); intra-observer data (dashed line);
CIE standard deviate observer (thin line); and Nimeroff et al. tristimulus
uncertainties (dotted line).
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APPENDIX C
Experimental Cross-MediaMetamers: Spectral Plots
Red Print-CRT
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APPENDIX FIG. C1 The spectral power distributions of the red print (solid line)
and the CRT display (dotted line) adjusted to yield a metameric match for the
1931 CIE 2 Standard Colorimetric Observer.
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Experimental Cross-MediaMetamers: Spectral Plots
Green Print-CRT
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APPENDIX FIG. C2 The spectral power distributions of the green print (solid
line) and the CRT display (dotted line) adjusted to yield a metameric match for
the 1931 CIE 2 Standard Colorimetric Observer.
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Experimental Cross-Media Metamers: Spectral Plots
Blue Print-CRT
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APPENDIX FIG. C3 The spectral power distributions of the blue print (solid line)
and the CRT display (dotted line) adjusted to yield a metameric match for the
1931 CIE 2 Standard Colorimetric Observer.
163
Experimental Cross-Media Metamers: Spectral Plots
Gray Print-CRT
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APPENDIX FIG. C4 The spectral power distributions of the gray print (solid line)
and the CRT display (dotted line) adjusted to yield a metameric match for the
1931 CIE 2 Standard Colorimetric Observer.
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Experimental Cross-MediaMetamers: Spectral Plots
Cyan Print-CRT
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APPENDIX FIG. C5 The spectral power distributions of the cyan print (solid line)
and the CRT display (dotted line) adjusted to yield a metameric match for the
1931 CIE 2 Standard Colorimetric Observer.
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Experimental Cross-Media Metamers: Spectral Plots
Magenta Print-CRT
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APPENDIX FIG. C6 The spectral power distributions of the magenta print (solid
line) and the CRT display (dotted line) adjusted to yield a metameric match for
the 1931 CIE 2 Standard Colorimetric Observer.
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Experimental Cross-MediaMetamers: Spectral Plots
Yellow Print-CRT
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APPENDIX FIG. C7 The spectral power distributions of the yellow print (solid
line) and the CRT display (dotted line) adjusted to yield a metameric match for
the 1931 CIE 2 Standard Colorimetric Observer.
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Experimental Cross-Media Metamers: Spectral Plots
Red Transparency-CRT
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APPENDIX FIG. C8 The spectral power distributions of the red transparency
(solid line) and the CRT display (dotted line) adjusted to yield a metameric
match for the 1931 CIE 2 Standard Colorimetric Observer.
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Experimental Cross-MediaMetamers: Spectral Plots
Green Transparency-CRT
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APPENDIX FIG. C9 The spectral power distributions of the green transparency
(solid line) and the CRT display (dotted line) adjusted to yield a metameric
match for the 1931 CIE 2 Standard Colorimetric Observer.
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Experimental Cross-MediaMetamers: Spectral Plots
Blue Transparency-CRT
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APPENDIX FIG. C10 The spectral power distributions of the blue transparency
(solid line) and the CRT display (dotted line) adjusted to yield a metameric
match for the 1931 CIE 2 Standard Colorimetric Observer.
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Experimental Cross-Media Metamers: Spectral Plots
Gray Transparency-CRT
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APPENDIX FIG. C1 1 The spectral power distributions of the gray transparency
(solid line) and the CRT display (dotted line) adjusted to yield a metameric
match for the 1931 CIE 2 Standard Colorimetric Observer.
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Experimental Cross-Media Metamers: Spectral Plots
Cyan Transparency-CRT
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APPENDIX FIG. C12 The spectral power distributions of the cyan transparency
(solid line) and the CRT display (dotted line) adjusted to yield a metameric
match for the 1931 CIE 2 Standard Colorimetric Observer.
172
Experimental Cross-MediaMetamers: Spectral Plots
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APPENDIX FIG. C13 The spectral power distributions of the magenta
transparency (solid line) and the CRT display (dotted line) adjusted to yield a
metameric match for the 1931 CIE 2 Standard Colorimetric Observer.
173
Experimental Cross-MediaMetamers: Spectral Plots
Yellow Transparency-CRT
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APPENDIX FIG. C14 The spectral power distributions of the yellow transparency
(solid line) and the CRT display (dotted line) adjusted to yield a metameric
match for the 1931 CIE 2 Standard Colorimetric Observer.
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APPENDIX D
Experimental Cross-Media Metamers: SpectralData
RED Wavelength (nm) PRINr
CRT*
Wavelength (nm) PRINT* CRT 680 4.100E-O4 2.251 E-04
380 2.069E-05 1.196E-05 584 4.420E-04 3.864E-04
384 2.354E-05 1.197E-05 588 5.307E-04 4.931 E-04
388 2.854E-05 1.273E-05 592 6.483E-04 6.741 E-04
392 3.284E-05 1.250E-05 696 7.844E-04 8.717E-04
396 4.102E-05 1.699E-05 600 9.318E-04 5.056E-O4
400 8.828E-05 2.450E-O5 604 1.081E-03 2.056E-04
404 1.685E-04 3.383E-05 608 1.233E-03 2.476E-04
408 1.564E-04 4.493E-05 612 1.343E-03 7.817E-04
412 1.134E-04 6.146E-05 616 1.431E-03 1.854E-03
416 1.082E-04 8.142E-05 620 1.488E-03 2.287E-03
420 1.146E-04 1.022E-04 624 1.528E-03 4.595E-03
424 1.220E-04 1.336E-04 628 1.545E-03 5.529E-03
428 1.477E-04 1.580E-04 632 1.548E-03 2.517E-03
432 3.098E-04 1.806E-04 636 1.543E-03 6.609E-04
436 4.802E-04 1.990E-04 640 1.534E-03 1.803E-04
440 3.208E-04 2.144E-04 644 1.517E-03 7.940E-05
444 1.651E-04 2.250E-04 648 1.503E-O3 6.314E-05
448 1.413E-04 2.309E-04 652 1.481 E-03 6.415E-05
452 1 .426E-04 2.279E-04 656 1.454E-03 6.541 E-05
456 1.438E-04 2.243E-04 660 1.416E-03 5.675E-05
460 1.466E-04 2.164E-04 664 1.381 E-03 5.121 E-05
464 1.501 E-04 2.146E-04 668 1.349E-03 5.491 E-05
468 1 .534E-04 2.147E-04 672 1.325E-03 6.899E-05
472 1.569E-04 1.973E-04 676 1.309E-03 6.231 E-05
476 1 .595E-04 1.758E-04 680 1.296E-03 6.654E-05
480 1 .647E-04 1.637E-04 684 1.287E-03 1.682E-04
484 1.700E-04 1.569E-04 688 1.283E-03 2.452E-04
488 1.775E-04 1.639E-04 692 1.276E-03 1.755E-04
492 1 .869E-04 1.766E-04 696 1.250E-03 2.532E-04
496 1.962E-04 1.948E-04 700 1.226E-03 8.934E-04
600 2.109E-04 1.894E-04 704 1.196E-03 2.891 E-03
504 2.290E-04 1.888E-04 708 1.157E-03 3.334E-03
508 2.476E-04 2.115E-04 712 1.094E-03 9.495E-04
512 2.595E-04 2.506E-04 716 1.037E-03 1.540E-04
516 2.584E-04 2.594E-04 720 9.829E-04 6.049E-05
520 2.460E-04 2.403E-04 724 9.268E-04 4.605E-05
524 2.253E-04 2.358E-04 728 8.581 E-04 4.533E-05
528 2.084E-04 2.447E-04 732 8.063E-04 2.843E-05
532 1.932E-04 2.609E-04 736 7.592E-04 2.031 E-05
536 1.830E-04 3.331 E-04 740 7.071 E-04 1.473E-05
540 1.902E-04 3.918E-04 744 6.425E-04 2.912E-05
544 2.888E-04 3.119E-04 748 6.005E-O4 2.189E-05
548 3.026E-04 2.471 E-04 752 5.640E-04 1 .369E-05
652 2.070E-04 2.457E-04 756 5.122E-04 1.444E-05
556 1.765E-04 2.561 E-04 760 4.789E-04 2.397E-05
560 1.831 E-04 2.249E-04 764 4.661 E-04 3.084E-05
564 1.974E-04 1.930E-04 768 4.231 E-04 2.730E-05
568 2.216E-04 1.716E-04 772 3.713E-04 3.725E-05
572 2.642E-04 1.542E-04 776 3.392E-04 2.794E-05
576 3.464E-04 1.506E-04 780 3.1 11 E-04 2.603E-05
2-.
,.-,.I units.
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Experimental Cross-MediaMetamers: Spectral Data
GREEN Wavelength (nm) PRINT* CRr
Wavelength (nm) PRINT* crt* 580 7.510E-04 6.499E-04
380 2.180E-05 8.736E-06 584 6.189E-04 5.804E-04
384 2.885E-05 1.128E-05 588 5.313E-04 5.075E-04
388 4.068E-05 1.704E-05 592 4.845E-04 4.623E-04
392 4.724E-05 2.261 E-05 696 4.424E-04 4.276E-04
396 5.442E-05 3.131 E-05 600 3.998E-04 3.583E-04
400 1.136E-04 4.512E-05 604 3.584E-04 2.953E-04
404 2.212E-04 6.169E-05 608 3.172E-04 2.563E-04
408 2.103E-04 8.231 E-05 612 2.852E-04 2.597E-04
412 1.591 E-04 1.090E-04 616 2.561 E-04 3.038E-04
416 1.591 E-04 1.428E-04 620 2.320E-04 3.072E-04
420 1.730E-04 1.842E-04 624 2.155E-04 4.406E-04
424 1.889E-04 2.305E-04 628 2.014E-04 4.845E-04
428 2.408E-04 2.730E-04 632 1.929E-04 2.631 E-04
432 5.497E-04 3.137E-04 636 1.851 E-04 1.234E-04
436 8.746E-04 3.487E-04 640 1.805E-04 7.945E-05
440 5.791 E-04 3.791 E-04 644 1.778E-04 6.204E-05
444 2.960E-04 4.013E-04 648 1.748E-04 5.246E-05
448 2.593E-04 4.142E-04 662 1.722E-04 4.588E-05
452 2.695E-04 4.175E-04 656 1.719E-04 4.028E-05
456 2.810E-04 4.154E-04 660 1.697E-04 3.404E-05
460 2.967E-04 4.099E-04 664 1.689E-04 3.049E-05
464 3.1 31 E-04 4.030E-04 668 1.749E-04 2.650E-05
468 3.300E-04 3.967E-04 672 1.870E-04 2.510E-05
472 3.486E-04 3.960E-04 676 2.041 E-04 2.294E-05
476 3.767E-04 4.050E-04 680 2.323E-04 2.020E-05
480 4.110E-04 4.323E-04 684 2.654E-04 2.634E-05
484 4.515E-04 4.758E-04 688 3.061E-04 3.078E-05
488 5.039E-04 5.400E-04 692 3.522E-04 2.462E-05
492 5.712E-04 6.236E-04 696 4.054E-04 2.788E-05
496 6.508E-04 7.194E-04 700 4.460E-04 7.197E-05
500 7.725E-04 8.371 E-04 704 4.894E-04 2.087E-04
504 9.243E-04 9.507E-04 708 5.339E-04 2.381 E-04
508 1.1 01 E-03 1.064E-03 712 5.657E-04 7.230E-05
512 1.272E-03 1.175E-03 716 5.849E-04 1.609E-05
516 1.391 E-03 1.272E-03 720 6.017E-04 9.724E-06
520 1.434E-03 1.347E-03 724 6.173E-04 9.264E-06
524 1.420E-03 1.403E-03 728 6.086E-04 7.636E-06
528 1.385E-03 1.437E-03 732 5.997E-04 5.893E-06
532 1.332E-03 1.451 E-03 736 5.913E-04 6.112E-06
536 1.273E-03 1.451 E-03 740 5.707E-04 7.656E-06
540 1.305E-03 1.434E-03 744 5.370E-04 9.292E-06
544 1.908E-03 1.389E-03 748 5.162E-04 7.312E-06
548 1.934E-03 1.333E-03 752 5.006E-04 7.119E-06
552 1.236E-03 1.281 E-03 756 4.536E-04 7.180E-06
556 9.471 E-04 1.213E-03 760 4.314E-04 8.324E-06
560 8.759E-04 1.134E-03 764 4.289E-04 8.680E-06
564 8.212E-04 1.040E-03 768 3.888E-04 6.866E-06
568 7.658E-04 9.268E-04 772 3.475E-04 1.176E-05
572 7.468E-04 8.247E-04 776 3.146E-04 1.366E-05
576 7.835E-04 7.310E-04 780 2.810E-04 1.037E-05
* A 11 ,,..,m 2\ _. ;f_limits
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Experimental Cross-MediaMetamers: Spectral Data
BLUE Wavelength (nm) PRINr CRr
Wavelength (nm) PRINT* CRr 580 1.770E-04 9.892E-05
380 1.896E-05 1.539E-05 584 1.693E-04 1.077E-04
384 2.657E-05 2.252E-05 688 1.731 E-04 1.111E-04
388 4.601 E-05 3.514E-05 692 1.820E-04 1.254E-04
392 6.227E-05 5.324E-05 596 1.866E-04 1.426E-04
396 8.673E-05 7.753E-05 600 1.868E-04 9.549E-05
400 2.076E-04 1.104E-04 604 1.810E-04 5.590E-05
404 4.264E-04 1.497E-04 608 1.699E-04 5.589E-05
408 4.219E-04 1.996E-04 612 1.589E-04 1.133E-04
412 3.450E-04 2.649E-04 616 1.471 E-04 2.327E-04
416 3.692E-04 3.462E-04 620 1.356E-04 2.794E-04
420 4.181 E-04 4.415E-04 624 1.247E-04 5.411 E-04
424 4.678E-04 5.556E-04 628 1.181 E-04 6.457E-04
428 5.928E-04 6.585E-04 632 1.144E-04 2.993E-04
432 1.302E-03 7.531 E-04 636 1.106E-04 8.536E-05
436 2.045E-03 8.329E-04 640 1.078E-04 2.895E-05
440 1.370E-03 9.018E-04 644 1.077E-O4 1.597E-05
444 7.070E-04 9.495E-04 648 1.067E-04 1.308E-05
448 6.089E-04 9.712E-04 662 1.055E-04 1.288E-05
452 6.1 51 E-04 9.677E-04 656 1.046E-04 1.281 E-05
456 6.184E-04 9.437E-04 660 1.059E-04 1 029E-05
460 6.204E-04 9.034E-04 664 1.050E-04 9.107E-06
464 6.145E-04 8.474E-04 668 1.102E-04 9.274E-06
468 5.979E-04 7.791 E-04 672 1.200E-04 1.077E-05
472 5.741 E-04 7.048E-04 676 1.337E-04 9.655E-06
476 5.368E-04 6.171 E-04 680 1.563E-04 1.024E-05
480 5.058E-04 5.475E-04 684 1.852E-04 2.206E-05
484 4.715E-04 4.838E-04 688 2.201 E-04 3.053E-05
488 4.382E-04 4.305E-04 692 2.606E-04 2.197E-05
492 4.090E-04 3.865E-04 696 3.128E-04 3.099E-05
496 3.801 E-04 3.491 E-04 700 3.583E-04 1 .050E-04
500 3.558E-04 3.144E-04 704 4.047E-04 3.341 E-04
504 3.416E-04 2.903E-04 708 4.468E-04 3.857E-04
508 3.323E-04 2.746E-04 712 4.876E-04 1.105E-04
512 3.184E-04 2.652E-04 716 5.182E-04 1.939E-05
616 2.948E-04 2.556E-04 720 5.369E-04 8.937E-06
520 2.620E-04 2.440E-04 724 5.532E-04 7.531 E-06
524 2.249E-04 2.335E-04 728 5.566E-04 8.053E-06
528 1.979E-04 2.279E-04 732 5.512E-04 5.674E-06
632 1.772E-04 2.227E-04 736 5.525E-04 4.370E-06
536 1.606E-04 2.233E-04 740 5.368E-04 3.539E-06
540 1.590E-O4 2.219E-04 744 5.126E-04 5.840E-06
544 2.290E-O4 2.038E-04 748 4.943E-04 5.406E-06
548 2.340E-04 1.875E-04 752 4.778E-04 5.046E-06
652 1.526E-04 1.793E-04 756 4.430E-04 5.878E-06
566 1.231 E-04 1.709E-04 760 4.245E-04 5.520E-06
560 1.202E-04 1.571E-04 764 4.168E-04 5.138E-06
564 1.212E-04 1.423E-04 768 3.808E-04 5.354E-06
568 1.257E-04 1.258E-04 772 3.439E-04 9.420E-06
672 1.379E-04 1.1 21 E-04 776 3.140E-04 9.841 E-06
576 1.640E-O4 1.008E-04
2^ __ *
780 2.935E-04 9.244E-06
i units.
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Experimental Cross-MediaMetamers: Spectral Data
GRAY Wavelength (nm) PRINr CRr
Wavelength (nm) PRINr CRr 680 7.210E-04 4.395E-04
380 3.088E-05 1.794E-05 684 6.617E-04 4.581 E-04
384 4.309E-05 2.397E-05 588 6.457E-04 4.559E-04
388 5.588E-05 3.546E-05 692 6.576E-04 4.953E-04
392 7.129E-05 5.027E-05 596 6.640E-04 5.464E-04
396 9.216E-05 7.210E-05 600 6.615E-04 3.780E-O4
400 2.107E-04 1.030E-04 604 6.485E-04 2.364E-04
404 4.203E-04 1.401 E-04 608 6.238E-04 2.297E-04
408 4.103E-04 1.868E-04 612 5.973E-04 4.213E-04
412 3.248E-04 2.483E-04 616 5.717E-04 8.265E-04
416 3.381 E-04 3.250E-04 620 5.440E-04 9.822E-04
420 3.768E-04 4.150E-04 624 5.194E-04 1.876E-03
424 4.188E-04 5.230E-04 628 4.987E-04 2.232E-03
428 5.315E-04 6.197E-04 632 4.844E-04 1.040E-03
432 1.164E-03 7.093E-04 636 4.735E-04 3.034E-04
436 1.826E-03 7.852E-04 640 4.650E-04 1.084E-04
440 1.230E-03 8.505E-04 644 4.563E-04 6.276E-05
444 6.469E-04 8.963E-04 648 4.490E-04 5.165E-05
448 5.678E-04 9.187E-04 652 4.421 E-04 4.868E-05
452 5.812E-04 9.171 E-04 656 4.340E-04 4.632E-05
456 5.977E-04 8.989E-04 660 4.239E-04 3.920E-05
460 6.163E-04 8.668E-04 664 4.199E-04 3.515E-05
464 6.304E-04 8.252E-04 668 4.227E-04 3.441 E-05
468 6.398E-04 7.760E-O4 672 4.346E-04 3.874E-05
472 6.486E-04 7.205E-04 676 4.550E-04 3.507E-05
476 6.529E-04 6.594E-04 680 4.866E-04 3.536E-05
480 6.621 E-04 6.220E-04 684 5.213E-04 7.505E-05
484 6.707E-04 5.977E-04 688 5.639E-04 1.047E-04
488 6.851 E-04 5.941E-04 692 6.081 E-04 7.622E-05
492 7.036E-04 6.077E-04 696 6.535E-04 1.059E-04
496 7.229E-04 6.331 E-04 700 6.900E-04 3.580E-04
500 7.582E-04 6.641 E-04 704 7.238E-04 1.143E-03
604 8.068E-04 7.016E-04 708 7.506E-04 1.318E-03
508 8.633E-04 7.515E-04 712 7.652E-04 3.778E-04
512 9.051 E-04 8.086E-04 716 7.710E-04 6.433E-05
516 9.078E-04 8.509E-04 720 7.663E-04 2.778E-05
520 8.699E-04 8.732E-04 724 7.545E-04 2.253E-05
524 8.086E-04 8.915E-04 728 7.241 E-04 2.190E-05
528 7.574E-04 9.064E-04 732 7.000E-04 1.468E-05
632 7.115E-04 9.1 41 E-04 736 6.794E-04 1.161 E-05
536 6.728E-04 9.353E-04 740 6.432E-04 1.020E-05
540 6.928E-04 9.425E-04 744 5.973E-04 1.661 E-05
544 1.033E-03 8.864E-04 748 5.690E-04 1 .333E-05
548 1.069E-03 8.306E-04 752 5.378E-04 1.067E-05
652 7.057E-04 7.997E-04 756 4.914E-04 1.147E-05
656 5.694E-04 7.645E-04 760 4.615E-04 1.447E-05
560 5.573E-04 7.087E-04 764 4.500E-04 1.633E-05
564 5.589E-04 6.451 E-04 768 4.124E-04 1.461 E-05
668 5.644E-04 5.742E-04 772 3.742E-04 2.250E-05
572 5.998E-04 5.115E-04 776 3.343E-04 2.106E-05
576 6.900E-O4 4.583E-04 780 3.123E-04 1.855E-05
.* , : A,,/r.,P*m2\ _._:*
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Experimental Cross-MediaMetamers: Spectr,al Data
CYAN Wavelength (nm) PRINr CRr
Wavelength (nm) PRINr CRr 580 5.156E-04 3.957E-04
380 2.917E-05 1.506E-05 584 4.459E-04 3.643E-04
384 3.670E-05 2.136E-05 588 4.031 E-04 3.281 E-04
388 4.884E-05 3.314E-05 592 3.836E-04 3.126E-04
392 6.184E-05 4.868E-05 696 3.614E-04 3.041 E-04
396 8.016E-O5 7.010E-05 600 3.360E-04 2.413E-04
400 1.863E-04 1.001 E-04 604 3.080E-04 1.860E-04
404 3.729E-04 1.359E-04 608 2.761 E-04 1.656E-04
408 3.644E-04 1.813E-04 612 2.504E-04 1.997E-04
412 2.930E-04 2.405E-04 616 2.280E-04 2.901 E-04
416 3.070E-04 3.144E-04 620 2.087E-04 3.183E-04
420 3.434E-04 4.021 E-04 624 1.932E-04 5.357E-04
424 3.834E-04 5.053E-04 628 1.801 E-04 6.177E-04
428 4.922E-04 5.988E-04 632 1.721 E-04 3.066E-04
432 1.097E-03 6.855E-04 636 1.657E-04 1.128E-04
436 1 .732E-03 7.591 E-04 640 1.625E-04 5.796E-05
440 1.167E-03 8.226E-04 644 1.598E-04 4.151 E-05
444 6.139E-04 8.672E-04 648 1.595E-04 3.486E-05
448 5.415E-04 8.890E-04 652 1.571 E-04 3.137E-05
452 5.588E-04 8.882E-04 656 1.555E-04 2.846E-05
456 5.786E-04 8.704E-04 660 1.535E-04 2.366E-05
460 6.002E-04 8.393E-04 664 1.547E-04 2.110E-05
464 6.177E-04 7.966E-04 668 1.602E-04 1.914E-05
468 6.312E-04 7.453E-04 672 1.701 E-04 1.928E-05
472 6.439E-04 6.930E-04 676 1.876E-04 1.750E-05
476 6.532E-04 6.363E-04 680 2.163E-04 1.645E-05
480 6.685E-04 6.015E-04 684 2.478E-04 2.637E-05
484 6.806E-04 5.789E-04 688 2.883E-04 3.343E-05
488 6.997E-04 5.738E-04 692 3.330E-04 2.533E-05
492 7.249E-04 5.851 E-04 696 3.839E-04 3.217E-05
496 7.482E-04 6.072E-04 700 4.316E-04 9.704E-05
500 7.896E-04 6.426E-04 704 4.758E-04 2.978E-04
604 8.451 E-04 6.832E-04 708 5.187E-04 3.425E-04
508 9.077E-04 7.295E-04 712 5.516E-04 1.003E-04
512 9.527E-04 7.783E-04 716 5.762E-04 1.951 E-05
516 9.566E-04 8.207E-04 720 5.906E-04 1.032E-05
520 9.162E-04 8.508E-04 724 5.998E-04 9.308E-06
524 8.496E-04 8.719E-04 728 5.976E-04 8.860E-06
528 7.924E-04 8.851 E-04 732 5.921 E-04 6.555E-06
632 7.392E-04 8.883E-04 736 5.786E-04 5.870E-06
536 6.919E-04 8.880E-04 740 5.621 E-04 6.151 E-06
540 7.009E-04 8.771 E-04 744 5.332E-04 8.385E-06
544 1.025E-03 8.429E-04 748 5.112E-04 7.182E-06
548 1.048E-03 8.042E-04 752 4.859E-04 6.953E-06
552 6.772E-04 7.718E-04 756 4.548E-04 7.557E-06
566 5.290E-04 7.311 E-04 760 4.309E-04 7.745E-06
560 5.007E-04 6.818E-04 764 4.252E-04 7.556E-06
564 4.832E-04 6.244E-04 768 3.883E-04 6.840E-06
568 4.678E-04 5.558E-04 772 3.480E-04 1.203E-05
572 4.742E-04 4.947E-04 776 3.144E-04 1.343E-05
576 5.173E-04 4.392E-04 780 2.827E-04 1.137E-05
+ .., :*. /.../<.**** All measurements i units
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Experimental Cross-Media Metamers: Spectral Data
MAGENTA Wavelength (nm) PRINr CRr
Wavelength (nm) PRINr CRr 580 5.292E-04 2.714E-04
380 3.413E-05 2.812E-05 584 5.499E-04 4.199E-04
384 5.025E-05 3.664E-05 588 6.328E-04 5.166E-04
388 6.781 E-05 5.227E-05 592 7.426E-04 6.867E-04
392 8.563E-05 7.372E-05 596 8.667E-04 8.737E-04
396 1.221 E-04 1.064E-04 600 9.930E-04 5.162E-04
400 2.977E-04 1.518E-04 604 1.113E-03 2.224E-04
404 6.063E-04 2.063E-04 608 1.225E-03 2.594E-04
408 6.112E-04 2.750E-04 612 1.296E-03 7.726E-04
412 5.161 E-04 3.664E-04 616 1.348E-03 1.806E-03
416 5.520E-04 4.798E-04 620 1.375E-03 2.222E-03
420 6.196E-04 6.104E-04 624 1.390E-03 4.449E-03
424 6.890E-04 7.723E-04 628 1.387E-03 5.349E-03
428 8.619E-04 9.151 E-04 632 1.378E-03 2.439E-03
432 1.859E-03 1.046E-03 636 1.365E-03 6.457E-04
436 2.905E-03 1.157E-03 640 1.352E-03 1.806E-04
440 1.940E-03 1.251 E-03 644 1.333E-03 8.193E-05
444 9.911 E-04 1.317E-03 648 1.315E-03 6.544E-05
448 8.422E-04 1.347E-03 652 1.293E-03 6.640E-05
452 8.414E-04 1.340E-03 656 1.266E-03 6.767E-05
456 8.422E-04 1.308E-03 660 1.233E-03 5.776E-05
460 8.415E-04 1.253E-03 664 1.203E-03 5.192E-05
464 8.283E-04 1.184E-03 668 1.180E-03 5.541 E-05
468 8.027E-O4 1.102E-03 672 1.167E-03 6.900E-05
472 7.728E-04 9.971 E-04 676 1.160E-03 6.221 E-05
476 7.250E-04 8.724E-04 680 1.160E-03 6.659E-05
480 6.887E-04 7.764E-04 684 1.164E-03 1.651 E-04
484 6.453E-04 6.911 E-04 688 1.173E-03 2.390E-04
488 6.047E-04 6.287E-04 692 1.178E-03 1.711 E-04
492 5.707E-04 5.813E-04 696 1.168E-03 2.464E-04
496 5.370E-04 5.459E-04 700 1.158E-03 8.655E-04
500 5.137E-04 4.929E-04 704 1.141 E-03 2.796E-03
504 5.031 E-04 4.570E-04 708 1.115E-03 3.225E-03
508 4.985E-04 4.505E-04 712 1.064E-03 9.188E-04
512 4.887E-04 4.655E-04 716 1.015E-03 1.505E-04
516 4.625E-04 4.559E-04 720 9.674E-04 6.055E-05
520 4.200E-04 4.218E-G4 724 9.193E-04 4.688E-05
524 3.733E-04 4.024E-04 728 8.485E-04 4.700E-05
528 3.370E-04 4.010E-04 732 7.991 E-04 3.017E-05
632 3.081 E-04 4.074E-04 736 7.548E-04 2.184E-05
536 2.870E-04 4.681 E-04 740 7.056E-04 1.611 E-05
540 2.948E-04 5.1 61 E-04 744 6.435E-04 3.077E-05
544 4.417E-04 4.302E-04 748 6.012E-04 2.434E-05
548 4.605E-04 3.597E-04 762 5.624E-04 1.710E-05
552 3.118E-04 3.515E-04 756 5.084E-04 1.873E-05
556 2.630E-04 3.536E-04 760 4.901 E-04 2.615E-05
560 2.691E-04 3.154E-04 764 4.718E-04 3.137E-05
564 2.832E-04 2.760E-04 768 4.227E-04 2.879E-05
568 3.098E-04 2.444E-04 772 3.805E-04 4.172E-05
672 3.614E-04 2.189E-04 776 3.390E-04 3.440E-05
576 4.588E-04 2.073E-04 780 3.081 E-04 3.227E-05
.* . ; /-,/,.,*m* All measurements
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Experimental Cross-Media Metamers: Spectral Data
YELLOW Wavelength (nm) PRINr CRr
Wavelength (nm) PRINr CRr 580 1.573E-03 8.438E-04
380 2.038E-05 1.299E-05 584 1.424E-03 9.212E-04
384 2.693E-05 1.214E-05 688 1.371 E-03 9.455E-04
388 3.049E-05 1.270E-05 692 1.381 E-03 1.064E-03
392 3.696E-05 9.399E-06 696 1.384E-03 1.209E-03
396 4.000E-05 1.085E-05 600 1.376E-03 8.096E-04
400 8.291E-05 1.630E-05 604 1.353E-03 4.768E-04
404 1.583E-04 2.322E-05 608 1.319E-03 4.762E-04
408 1.482E-04 3.083E-05 612 1.282E-03 9.620E-04
412 1.069E-04 4.243E-05 616 1.246E-03 1.974E-03
416 1.021 E-04 5.686E-05 620 1.207E-03 2.368E-03
420 1.104E-04 7.311 E-05 624 1.174E-03 4.585E-03
424 1.180E-04 9.548E-05 628 1.1 41 E-03 5.471 E-03
428 1.433E-04 1.126E-04 632 1.115E-03 2.532E-03
432 3.082E-04 1.302E-04 636 1.092E-03 7.182E-04
436 4.809E-04 1.452E-04 640 1.071 E-03 2.409E-04
440 3.225E-04 1.578E-04 644 1.051 E-03 1.327E-04
444 1.659E-04 1.677E-04 648 1.035E-03 1.086E-O4
448 1.480E-04 1.761 E-04 652 1.012E-03 1.028E-04
452 1.512E-04 1.784E-04 656 9.882E-04 9.819E-05
456 1.596E-04 1.846E-04 660 9.637E-04 8.465E-05
460 1.671 E-04 1.910E-04 664 9.435E-04 7.624E-05
464 1.756E-04 2.096E-04 668 9.279E-04 7.553E-05
468 1.880E-04 2.365E-04 672 9.219E-04 8.679E-05
472 2.007E-04 2.556E-04 676 9.257E-04 7.871 E-05
476 2.221 E-04 2.875E-04 680 9.376E-04 7.961 E-05
480 2.478E-04 3.385E-04 684 9.497E-04 1.774E-04
484 2.784E-04 4.085E-04 688 9.702E-04 2.514E-04
488 3.206E-04 5.082E-04 692 9.911 E-04 1.826E-04
492 3.787E-04 6.291 E-04 696 9.998E-04 2.558E-04
496 4.497E-04 7.645E-04 700 1 .008E-03 8.772E-04
500 5.566E-04 8.991 E-04 704 1.002E-03 2.816E-03
504 6.907E-04 1.029E-03 708 9.925E-04 3.245E-03
508 8.554E-04 1.177E-03 712 9.607E-04 9.284E-04
512 1.024E-03 1.333E-03 716 9.282E-04 1.544E-04
616 1.160E-03 1 448E-03 720 8.910E-04 6.355E-05
520 1.239E-03 1.513E-03 724 8.524E-04 4.997E-05
524 1.277E-03 1 .572E-03 728 7.996E-04 4.732E-05
528 1.294E-03 1.619E-03 732 7.583E-04 3.052E-05
532 1.294E-03 1.652E-03 736 7.193E-04 2.363E-05
536 1.286E-03 1.721 E-03 740 6.687E-04 2.032E-05
540 1.388E-03 1.760E-03 744 6.104E-04 3.465E-05
544 2.153E-03 1.646E-03 748 5.796E-04 2.589E-05
548 2.257E-03 1.534E-03 752 5.494E-04 1.802E-05
552 1.517E-03 1.481 E-03 756 4.943E-04 1 .839E-05
656 1.249E-03 1.424E-03 760 4.723E-04 2.887E-05
560 1.237E-03 1.319E-03 764 4.596E-04 3.599E-05
564 1.245E-03 1.198E-03 768 4.154E-04 3.061 E-05
668 1.263E-03 1.068E-03 772 3.728E-04 4.323E-05
572 1.335E-03 9.517E-04 776 3.426E-04 3.611 E-05
576 1.522E-03 8.562E-04 780 3.069E-04 3.115E-05
2-.
, .*_* All measurements limits
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Experimental Cross-MediaMetamers: Spectral Data
RED Wavelength (nm) TRANSPARENCY* CRr
Wavelength (nm) TRANSPARENCY* CRr 580 2.341 E-04 1.602E-04
380 4.195E-06 9.071 E-06 584 2.738E-04 2.986E-04
384 2.817E-06 8.663E-06 588 3.561 E-04 3.913E-04
388 2.380E-06 8.528E-06 592 4.576E-04 5.451 E-04
392 2.417E-06 7.312E-06 596 5.763E-04 7.125E-04
396 4.087E-06 9.691 E-06 600 7.063E-04 4.084E-04
400 1.996E-05 1.404E-05 604 8.423E-04 1.595E-04
404 4.982E-05 1.953E-05 608 9.873E-04 1.964E-04
408 5.595E-05 2.589E-05 612 1.102E-03 6.444E-04
412 5.231 E-05 3.590E-05 616 1.205E-03 1.542E-03
416 5.763E-05 4.784E-05 620 1.287E-03 1.905E-03
420 6.143E-05 5.953E-05 624 1.358E-03 3.836E-03
424 5.863E-05 7.917E-05 628 1.408E-03 4.617E-03
428 6.605E-O5 9.362E-05 632 1.438E-03 2.100E-03
432 1.462E-04 1.069E-04 636 1.452E-03 5.490E-04
436 2.350E-04 1.175E-04 640 1.454E-03 1.478E-04
440 1.513E-04 1.263E-04 644 1.441 E-03 6.386E-05
444 7.153E-05 1.323E-04 648 1.429E-03 5.065E-05
448 6.291 E-05 1.357E-04 652 1.410E-03 5.177E-05
452 6.844E-05 1.333E-04 656 1.382E-03 5.305E-05
456 7.480E-05 1.314E-04 660 1.346E-03 4.610E-O5
460 8.325E-05 1.267E-04 664 1.307E-03 4.1 61 E-05
464 9.352E-05 1.279E-04 668 1.265E-03 4.488E-05
468 1.061 E-04 1.313E-04 672 1.225E-03 5.675E-05
472 1.209E-O4 1.199E-04 676 1.192E-03 5.125E-05
476 1.381 E-04 1.053E-O4 680 1.155E-03 5.490E-05
480 1.562E-04 9.703E-O5 684 1.126E-03 1.399E-04
484 1.735E-04 9.240E-05 688 1.109E-03 2.044E-04
488 1.911E-04 9.815E-05 692 1.091 E-03 1.461 E-04
492 2.075E-O4 1.076E-04 696 1.056E-03 2.112E-04
496 2.177E-04 1.208E-04 700 1.032E-03 7.464E-04
500 2.290E-04 1.132E-04 704 1.010E-03 2.417E-03
504 2.368E-04 1 093E-04 708 9.859E-04 2.787E-03
508 2.414E-04 1.247E-04 712 9.471 E-04 7.934E-04
612 2.362E-04 1.538E-04 716 9.148E-04 1.284E-04
516 2.176E-04 1.578E-04 720 8.841 E-04 5.026E-05
520 1.892E-04 1.393E-04 724 8.542E-04 3.816E-05
524 1.566E-04 1.338E-04 728 8.100E-O4 3.760E-05
528 1.334E-04 1 .402E-04 732 7.852E-04 2.350E-O5
532 1.152E-04 1.536E-04 736 7.672E-04 1.671 E-05
536 1.013E-O4 2.144E-04 740 7.347E-04 1.197E-05
540 9.819E-05 2.647E-04 744 6.935E-04 2.395E-05
544 1.379E-04 1.999E-04 748 6.778E-04 1.795E-05
548 1.421 E-04 1.481 E-04 752 6.623E-04 1.105E-05
552 9.667E-05 1 .493E-04 756 6.185E-04 1.164E-05
556 8.205E-05 1.611 E-04 760 6.038E-O4 1.966E-05
560 8.513E-05 1.385E-04 764 5.995E-04 2.545E-05
664 9.268E-05 1.159E-04 768 5.556E-04 2.253E-05
568 1.070E-04 1.030E-04 772 5.071 E-04 3.055E-05
572 1.344E-04 9.287E-05 776 4.655E-04 2.261 E-05
576 1.855E-04 9.406E-05 780 4.223E-04 2.115E-05
i units.
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Experimental Cross-MediaMetamers: Spectral Data
GREEN Wavelength (nm) TRANSPARENT CRr
Wavelength (nm) TRANSPARENCY* CRr 580 6.812E-04 5.856E-04
380 3.396E-06 5.427E-06 584 5.957E-04 5.261 E-04
384 3.299E-06 6.348E-06 688 5.437E-04 4.625E-04
388 4.548E-06 9.178E-06 592 5.189E-04 4.250E-04
392 3.097E-06 1.070E-05 596 4.885E-04 3.971 E-04
396 4.191 E-06 1.405E-05 600 4.541 E-04 3.291 E-04
400 1.936E-05 2.051 E-05 604 4.168E-04 2.678E-04
404 4.921 E-05 2.830E-05 608 3.728E-04 2.335E-04
408 5.935E-05 3.777E-05 612 3.352E-04 2.454E-04
412 5.975E-05 4.999E-05 616 3.003E-04 3.026E-04
416 6.902E-O5 6.568E-05 620 2.673E-04 3.128E-04
420 7.529E-05 8.563E-05 624 2.381 E-04 4.702E-04
424 7.785E-05 1.068E-04 628 2.136E-04 5.249E-04
428 9.529E-05 1.263E-04 632 1.930E-04 2.770E-04
432 2.273E-04 1.458E-04 636 1.752E-04 1.213E-04
436 3.694E-04 1.629E-04 640 1.6O5E-04 7.399E-05
440 2.375E-04 1.778E-04 644 1.477E-04 5.678E-05
444 1.123E-04 1.891 E-04 648 1.384E-04 4.795E-05
448 9.792E-05 1.969E-04 652 1.309E-04 4.199E-05
452 1.071 E-04 2.005E-04 656 1.256E-04 3.691 E-05
456 1.194E-04 2.032E-04 660 1.206E-04 3.135E-05
460 1.370E-04 2.058E-04 664 1.162E-04 2.812E-05
464 1.604E-04 2.105E-O4 668 1.140E-04 2.456E-05
468 1.889E-04 2.181 E-04 672 1.125E-04 2.351 E-05
472 2.253E-04 2.316E-04 676 1.124E-04 2.149E-05
476 2.752E-04 2.564E-04 680 1.128E-04 1.902E-05
480 3.343E-04 2.948E-04 684 1.1 61 E-04 2.615E-05
484 4.029E-04 3.470E-04 688 1.220E-04 3.144E-05
488 4.879E-04 4.168E-04 692 1.267E-04 2.485E-05
492 5.855E-04 5.027E-04 696 1.315E-04 2.899E-05
496 6.899E-04 5.987E-04 700 1.398E-04 7.889E-05
500 8.278E-04 7.135E-04 704 1.501 E-04 2.342E-04
504 9.848E-04 8.225E-04 708 1.567E-04 2.676E-04
508 1.154E-03 9.309E-04 712 1.682E-04 8.020E-05
512 1.300E-03 1.036E-03 716 1.762E-04 1.672E-05
516 1.378E-03 1.127E-03 720 1.854E-04 9.434E-06
620 1.369E-03 1.197E-03 724 2.030E-04 8.747E-06
524 1.301 E-03 1.251 E-03 728 2.149E-04 7.122E-06
528 1 .227E-03 1.283E-03 732 2.250E-04 5.356E-06
632 1.150E-03 1.298E-03 736 2.351 E-04 5.510E-06
536 1.078E-03 1.301 E-03 740 2.495E-04 6.883E-06
540 1.085E-03 1.287E-03 744 2.602E-04 8.470E-06
544 1.538E-03 1.247E-03 748 2.738E-04 6.467E-06
548 1.550E-03 1.196E-03 752 2.860E-04 6.053E-06
552 1.001 E-03 1.150E-03 756 2.871 E-04 5.972E-06
656 7.704E-04 1.089E-03 760 3.104E-04 7.452E-06
560 7.136E-04 1.018E-03 764 3.304E-04 8.112E-06
564 6.735E-04 9.337E-04 768 3.092E-04 6.271 E-06
568 6.393E-04 8.325E-04 772 2.979E-04 1.033E-05
572 6.384E-04 7.408E-04 776 2.843E-04 1.165E-05
576 6.876E-04 6.569E-04 780 2.757E-04 8.675E-06
2\ ..^it-lumts.
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Experiment^ Cross-Media Metamers: Spectral Data
BLUE Wavelength (nm)
TRANSPARENCY* CRr
Wavelength (nm) TRANSPARENCY* CRr 680 1.025E-04 8.332E-05
380 7.504E-06 1.936E-05 584 1.047E-04 8.597E-05
384 5.511 E-06 2.885E-05 588 1.157E-04 8.578E-05
388 4.425E-06 4.550E-05 592 1.291 E-04 9.319E-05
392 8.155E-06 6.963E-05 596 1.405E-04 1.026E-04
396 1.462E-05 1.016E-04 600 1.501 E-04 7.124E-05
400 6.449E-05 1.446E-04 604 1.574E-04 4.453E-05
404 1.640E-04 1.960E-04 608 1.591 E-04 4.316E-05
408 2.042E-04 2.614E-04 612 1.563E-04 7.854E-05
412 2.389E-04 3.467E-04 616 1.504E-04 1.532E-04
416 3.168E-04 4.530E-O4 620 1.438E-04 1.821 E-04
420 3.896E-04 5.778E-04 624 1.358E-04 3.473E-04
424 4.473E-04 7.267E-04 628 1.278E-04 4.130E-04
428 5.980E-04 8.614E-04 632 1.201 E-04 1.931 E-04
432 1.560E-03 9.850E-04 636 1.1 41 E-04 5.711 E-05
436 2.594E-03 1.089E-03 640 1.073E-04 2.093E-05
440 1.695E-03 1.179E-03 644 1.012E-04 1.221 E-05
444 8.314E-04 1.242E-03 648 9.523E-05 1.007E-05
448 7.506E-04 1.270E-03 652 9.242E-05 1.004E-05
452 8.033E-04 1.265E-03 656 9.038E-05 1.014E-05
456 8.460E-04 1.233E-03 660 8.613E-05 7.731E-06
460 8.796E-04 1.180E-03 664 8.380E-05 6.743E-06
464 9.012E-O4 1.105E-03 668 8.293E-05 6.876E-06
468 9.079E-O4 1.013E-03 672 8.365E-05 7.863E-06
472 9.027E-O4 9.145E-04 676 8.650E-05 6.988E-06
476 8.731 E-04 7.975E-04 680 8.839E-05 7.579E-06
480 8.390E-O4 7.034E-04 684 8.929E-05 1.524E-05
484 7.920E-O4 6.160E-04 688 9.448E-05 2.039E-05
488 7.409E-04 5.403E-O4 692 1.016E-04 1.463E-05
492 6.863E-04 4.759E-04 696 1.076E-04 2.054E-O5
496 6.221 E-04 4.194E-04 700 1.168E-04 6.788E-05
500 5.596E-04 3.672E-04 704 1.223E-04 2.133E-04
504 5.093E-04 3.291 E-04 708 1.310E-04 2.468E-04
608 4.644E-04 3.005E-04 712 1.425E-04 7.098E-05
512 4.117E-04 2.792E-04 716 1.470E-04 1.326E-05
516 3.480E-04 2.609E-04 720 1.599E-04 6.820E-06
520 2.781 E-04 2.429E-04 724 1.716E-04 6.079E-06
524 2.133E-04 2.264E-04 728 1 .866E-04 6.920E-06
528 1 .704E-04 2.164E-04 732 1 .969E-04 5.126E-06
532 1.382E-04 2.074E-04 736 2.1 01 E-04 3.994E-06
536 1.143E-04 2.026E-04 740 2.214E-04 3.233E-06
540 1.044E-04 1.969E-04 744 2.331 E-04 5.126E-06
544 1.367E-04 1.810E-04 748 2.483E-04 5.205E-06
548 1.337E-04 1.669E-04 752 2.585E-04 5.373E-06
652 8.659E-05 1.587E-04 756 2.633E-04 6.432E-06
556 6.721 E-05 1.499E-04 760 2.826E-04 5.147E-06
560 6.336E-05 1.377E-04 764 2.981 E-04 4.076E-06
564 6.309E-05 1.249E-04 768 2.876E-04 4.734E-06
568 6.581 E-05 1.100E-04 772 2.885E-04 9.189E-06
672 7.395E-05 9.791 E-05 776 2.745E-04 1.039E-05
576 9.055E-05 8.760E-05 780 2.550E-04 9.900E-06
* All measurements are in (w/sr*m2) units.
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Experimental Cross-MediaMetamers: Spectral Data
GRAY Wavelength (nm) TRANSPARENT CRr
Wavelength (nm) TRANSPARENCY* CRr 580 5.505E-04 3.767E-04
380 4.642E-06 1.366E-05 584 5.416E-04 4O54E-04
384 3.757E-06 1.755E-05 588 5.741 E-04 4.125E-04
388 4.247E-06 2.521 E-05 592 6.199E-04 4.597E-04
392 4.480E-06 3.465E-05 696 6.607E-04 5.179E-04
396 8.463E-06 4.940E-05 600 6.923E-04 3.501 E-04
400 4.644E-05 7.067E-05 604 7.108E-04 2.097E-O4
404 1.205E-04 9.622E-05 608 7.166E-04 2.077E-O4
408 1.445E-04 1.283E-04 612 7.089E-04 4.085E-O4
412 1.536E-04 1.707E-04 616 6.933E-04 8.284E-04
416 1.888E-04 2.236E-04 620 6.704E-04 9.915E-04
420 2.179E-04 2.855E-04 624 6.451 E-04 1.913E-03
424 2.344E-04 3.604E-04 628 6.159E-04 2.281 E-03
428 2.975E-04 4.270E-04 632 5.892E-04 1.058E-03
432 7.431 E-04 4.889E-04 636 5.619E-04 3.024E-04
436 1.220E-03 5.412E-04 640 5.362E-04 1.033E-O4
440 7.853E-04 5.862E-04 644 5.091 E-04 5.770E-05
444 3.693E-04 6.178E-04 648 4.884E-04 4.730E-O5
448 3.230E-04 6.337E-04 652 4.708E-O4 4.489E-05
452 3.458E-04 6.326E-04 656 4.541 E-04 4.302E-05
456 3.738E-04 6.210E-04 660 4.370E-O4 3.663E-05
460 4.074E-04 5.999E-04 664 4.220E-04 3.289E-05
464 4.435E-04 5.741 E-04 668 4.090E-04 3.256E-05
468 4.832E-04 5.441 E-04 672 3.988E-04 3.725E-05
472 5.262E-04 5.082E-04 676 3.912E-04 3.372E-05
476 5.751 E-04 4.696E-04 680 3.864E-04 3.424E-05
480 6.245E-04 4.486E-04 684 3.853E-04 7.505E-O5
484 6.691 E-04 4.384E-04 688 3.881 E-04 1.057E-04
488 7.161 E-04 4.452E-04 692 3.923E-04 7.671 E-05
492 7.609E-04 4.655E-04 696 3.961 E-04 1.073E-04
496 7.940E-04 4.952E-04 700 4.012E-04 3.662E-04
500 8.355E-04 5.271 E-04 704 4.051 E-04 1.173E-03
504 8.825E-04 5.631 E-04 708 4.100E-04 1 .352E-03
508 9.270E-04 6.102E-04 712 4.146E-04 3.871 E-04
512 9.429E-04 6.639E-04 716 4.173E-04 6.512E-05
516 9.081 E-04 7.022E-04 720 4.202E-04 2.749E-05
520 8.273E-04 7.215E-04 724 4.236E-04 2.197E-05
524 7.209E-04 7.385E-04 728 4.245E-04 2.129E-05
528 6.383E-04 7.529E-04 732 4.255E-04 1.405E-05
632 5.695E-04 7.618E-04 736 4.315E-04 1 093E-05
536 5.1 41 E-04 7.862E-04 740 4.298E-04 9.378E-06
540 5.047E-04 7.978E-04 744 4.251 E-04 1.572E-05
544 7.099E-04 7.461 E-04 748 4.300E-04 1.235E-05
548 7.179E-04 6.957E-04 752 4.316E-04 9.422E-06
552 4.710E-04 6.707E-04 756 4.177E-04 1 .003E-05
556 3.762E-04 6.431 E-04 760 4.229E-04 1.350E-05
560 3.653E-04 5.954E-04 764 4.354E-04 1.575E-05
564 3.675E-04 5.410E-04 768 4.067E-04 1.394E-05
668 3.795E-04 4.817E-04 772 3.869E-04 2.083E-O5
572 4.180E-04 4.291 E-04 776 3.632E-04 1.870E-O5
576 5.027E-04 3.856E-04 780 3.349E-04 1.650E-O5
2\ ;.* All measurements units
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Experimental Cross-MediaMetamers: Spectral Data
CYAN Wavelength (nm)
TRANSPARENCY* CRr
Wavelength (nm) TRANSPARENCY* CRr 680 4.508E-04 4.037E-04
380 5.079E-06 1.453E-05 684 4.119E-04 3.646E-04
384 2.521 E-06 2.073E-05 588 3.971 E-04 3.226E-04
388 4.230E-06 3.234E-05 692 3.970E-04 2.993E-04
392 4.081 E-06 4.761 E-05 596 3.919E-04 2.827E-04
396 1.110E-05 6.852E-05 600 3.799E-04 2.316E-04
400 5.175E-05 9.785E-05 604 3.615E-04 1.858E-04
404 1.327E-04 1.329E-04 608 3.375E-04 1.629E-04
408 1.601 E-04 1.773E-04 612 3.116E-04 1.774E-04
412 1.761 E-04 2.350E-04 616 2.864E-04 2.295E-04
416 2.229E-04 3.073E-O4 620 2.609E-O4 2.418E-04
420 2.688E-04 3.931 E-04 624 2.369E-04 3.776E-04
424 2.986E-04 4.938E-04 628 2.154E-04 4.263E-04
428 3.917E-04 5.851 E-04 632 1.982E-04 2.205E-O4
432 1.009E-03 6.700E-04 636 1.826E-04 9.153E-05
436 1.672E-03 7.420E-04 640 1.687E-04 5.330E-05
440 1.082E-03 8.042E-04 644 1.555E-04 4.013E-05
444 5.105E-04 8.479E-04 648 1.463E-04 3.384E-05
448 4.485E-04 8.692E-04 652 1.399E-04 3.013E-O5
452 4.822E-04 8.687E-04 656 1.342E-04 2.703E-05
456 5.200E-04 8.516E-04 660 1.277E-04 2.241 E-05
460 5.635E-04 8.216E-04 664 1.250E-04 1.998E-05
464 6.105E-04 7.801 E-04 668 1.212E-04 1.777E-05
468 6.606E-04 7.303E-04 672 1.214E-04 1.735E-05
472 7.147E-04 6.804E-04 676 1.206E-04 1.577E-05
476 7.721 E-04 6.267E-04 680 1.216E-04 1.449E-05
480 8.299E-04 5.947E-04 684 1.244E-04 2.081 E-05
484 8.810E-04 5.751 E-04 688 1.289E-04 2.516E-05
488 9.339E-04 5.729E-04 692 1.356E-04 1.947E-05
492 9.857E-04 5.871 E-04 696 1.432E-04 2.353E-05
496 1.022E-03 6.1 21 E-04 700 1.508E-04 6.592E-05
500 1.070E-03 6.518E-04 704 1.583E-04 1.966E-04
604 1.130E-03 6.962E-04 708 1.693E-04 2.256E-04
608 1.188E-03 7.453E-04 712 1.788E-04 6.713E-05
512 1.211 E-03 7.960E-04 716 1.874E-04 1.421 E-05
516 1.169E-03 8.410E-04 720 1.969E-04 8.300E-06
520 1.068E-03 8.741 E-04 724 2.084E-04 7.807E-06
624 9.318E-04 8.972E-04 728 2.195E-04 7.326E-06
528 8.245E-04 9.1 11 E-04 732 2.301 E-04 5.6O8E-06
532 7.326E-04 9.143E-04 736 2.450E-04 5.239E-06
536 6.558E-04 9.116E-04 740 2.524E-04 5.774E-06
540 6.356E-04 8.982E-04 744 2.646E-04 7.505E-06
544 8.776E-04 8.660E-04 748 2.809E-04 6.505E-06
548 8.772E-04 8.283E-04 752 2.951 E-04 6.561 E-06
652 5.614E-04 7.947E-04 756 2.924E-04 7.1 21 E-06
556 4.301 E-04 7.520E-04 760 3.069E-04 7.023E-O6
560 4.010E-04 7.019E-04 764 3.277E-04 6.617E-06
564 3.858E-04 6.432E-04 768 3.145E-04 5.967E-06
568 3.761 E-04 5.727E-04 772 3.078E-04 1.086E-05
672 3.884E-04 5.096E-04 776 2.948E-04 1.261 E-05
576 4.372E-04 4.520E-04 780 2.759E-04 1.054E-05
2\ ..it-
limits.
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Experimental Cross-MediaMetamers: Spectral Data
MAGENTA Wavelength (nm) TRANSPARENCY* CRr
Wavelength (nm) TRANSPARENCY* CRr 680 2.287E-04 1.568E-04
380 5.401 E-06 2.224E-05 684 2.642E-04 2.828E-04
384 6.691 E-06 2.909E-05 588 3.414E-04 3.677E-04
388 4.540E-06 4.1 51 E-05 592 4.351 E-04 5.090E-04
392 5.957E-06 5.884E-05 696 5.454E-04 6.627E-04
396 1.547E-05 8.511 E-05 600 6.650E-04 3.815E-04
400 7.650E-05 1.213E-04 604 7.907E-04 1.510E-04
404 1.978E-04 1.648E-04 608 9.237E-04 1.845E-04
408 2.397E-04 2.197E-04 612 1.028E-03 5.973E-04
412 2.619E-04 2.928E-04 616 1.119E-03 1.425E-03
416 3.271 E-04 3.833E-04 620 1.1 91 E-03 1.760E-03
420 3.878E-04 4.875E-04 624 1.252E-03 3.540E-03
424 4.243E-04 6.169E-04 628 1.294E-03 4.260E-03
428 5.401 E-04 7.310E-04 632 1.320E-03 1.939E-03
432 1 .353E-03 8.357E-04 636 1.331 E-03 5.082E-O4
436 2.229E-03 9.235E-04 640 1.331 E-03 1.378E-04
440 1.451 E-03 9.989E-04 644 1.316E-03 6.007E-05
444 7.000E-04 1.051 E-03 648 1.303E-03 4.771 E-05
448 6.193E-04 1.075E-03 652 1.285E-03 4.912E-05
452 6.573E-04 1.069E-03 656 1.260E-03 5.069E-05
456 6.894E-04 1.043E-03 660 1.225E-03 4.328E-05
460 7.177E-04 9.975E-04 664 1.1 91 E-03 3.890E-05
464 7.369E-04 9.408E-04 668 1.154E-03 4.210E-05
468 7.461 E-04 8.728E-04 672 1.119E-03 5.318E-05
472 7.455E-04 7.862E-04 676 1 .088E-03 4.792E-05
476 7.288E-04 6.821 E-04 680 1 .056E-03 5.172E-05
480 7.088E-04 5.999E-04 684 1.032E-03 1.304E-04
484 6.760E-04 5.249E-04 688 1.017E-03 1.896E-04
488 6.397E-04 4.664E-04 692 1.005E-03 1.354E-04
492 5.989E-04 4.186E-04 696 9.764E-04 1.957E-04
496 5.486E-04 3.793E-04 700 9.539E-04 6.900E-04
500 4.967E-04 3.238E-04 704 9.360E-04 2.231 E-03
504 4.568E-04 2.829E-04 708 9.187E-04 2.574E-03
508 4.180E-04 2.658E-04 712 8.905E-04 7.329E-04
612 3.731 E-04 2.665E-04 716 8.589E-04 1.197E-04
616 3.187E-04 2.489E-04 720 8.321 E-04 4.787E-05
520 2.581 E-04 2.137E-04 724 8.064E-04 3.692E-05
624 2.006E-04 1.921 E-04 728 7.685E-04 3.719E-05
528 1.633E-04 1.875E-04 732 7.442E-04 2.380E-05
532 1.352E-04 1.910E-04 736 7.324E-04 1.705E-05
636 1.159E-04 2.396E-04 740 7.055E-04 1.228E-05
540 1.092E-04 2.797E-04 744 6.709E-04 2.394E-05
644 1.500E-04 2.147E-04 748 6.487E-04 1 .898E-05
548 1.499E-04 1.631 E-04 752 6.333E-04 1.318E-05
552 1.014E-04 1.614E-04 756 6.002E-04 1.451 E-05
556 8.532E-05 1.696E-04 760 5.899E-04 2.033E-05
560 8.691 E-05 1.462E-04 764 5.878E-04 2.446E-05
564 9.363E-05 1.234E-04 768 5.424E-04 2.258E-05
568 1.075E-04 1.087E-04 772 4.947E-04 3.261E-05
572 1.326E-04 9.784E-05 776 4.529E-04 2.657E-05
576 1.834E-04 9.747E-05 780 4.126E-04 2.517E-05
2\ ,,it-limits.
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Experimental Cross-MediaMetamers: Spectral Data
MAGENTA Wavelength (nm)
TRANSPARENCY* CRr
Wavelength (nm) TRANSPARENCY* CRr 580 2.287E-04 1.568E-04
380 5.401 E-06 2.224E-05 584 2.642E-04 2.828E-04
384 6.691 E-06 2.909E-05 588 3.414E-04 3.677E-04
388 4.540E-06 4.151 E-05 592 4.351 E-04 5.090E-04
392 5.957E-06 5.884E-05 596 5.454E-04 6.627E-04
396 1.547E-05 8.511 E-05 600 6.650E-04 3.815E-04
400 7.650E-05 1.213E-04 604 7.907E-04 1.510E-04
404 1.978E-04 1.648E-04 608 9.237E-04 1.845E-04
408 2.397E-04 2.197E-04 612 1.028E-03 5.973E-04
412 2.619E-04 2.928E-04 616 1.119E-03 1.425E-03
416 3.271 E-04 3.833E-04 620 1.191 E-03 1.760E-03
420 3.878E-04 4.875E-04 624 1.252E-03 3.540E-03
424 4.243E-04 6.169E-04 628 1 .294E-03 4.260E-03
428 5.401 E-04 7.310E-04 632 1.320E-03 1 .939E-03
432 1.353E-03 8.357E-04 636 1.331 E-03 5.082E-04
436 2.229E-03 9.235E-04 640 1.331 E-03 1.378E-04
440 1.451 E-03 9.989E-04 644 1.316E-03 6.007E-05
444 7.000E-04 1 .051 E-03 648 1 .303E-03 4.771 E-05
448 6.193E-04 1.075E-03 652 1.285E-03 4.912E-05
452 6.573E-04 1.069E-03 656 1.260E-03 5.069E-05
456 6.894E-04 1.043E-03 660 1.225E-03 4.328E-05
460 7.177E-04 9.975E-04 664 1.1 91 E-03 3.890E-05
464 7.369E-04 9.408E-04 668 1.154E-03 4.210E-05
468 7.461 E-04 8.728E-04 672 1.119E-03 5.318E-05
472 7.455E-04 7.862E-04 676 1.088E-03 4.792E-05
476 7.288E-04 6.821 E-04 680 1.056E-03 5.172E-05
480 7.088E-04 5.999E-04 684 1.032E-03 1.304E-04
484 6.760E-04 5.249E-04 688 1.017E-03 1.896E-04
488 6.397E-04 4.664E-04 692 1.005E-03 1 .354E-04
492 5.989E-04 4.186E-04 696 9.764E-04 1.957E-04
496 5.486E-04 3.793E-04 700 9.539E-04 6.900E-04
500 4.967E-04 3.238E-04 704 9.360E-04 2.231 E-03
504 4.568E-04 2.829E-04 708 9.187E-04 2.574E-03
508 4.180E-04 2.658E-04 712 8.905E-04 7.329E-04
512 3.731 E-04 2.665E-04 716 8.589E-04 1.197E-04
516 3.187E-04 2.489E-04 720 8.321 E-04 4.787E-05
620 2.581 E-04 2.137E-04 724 8.064E-04 3.692E-05
524 2.006E-04 1.921 E-04 728 7.685E-04 3.719E-05
528 1.633E-04 1.875E-04 732 7.442E-04 2.380E-05
532 1.352E-04 1.910E-04 736 7.324E-04 1.705E-05
636 1.159E-04 2.396E-04 740 7.055E-04 1.228E-05
540 1.092E-04 2.797E-04 744 6.709E-04 2.394E-05
544 1.500E-04 2.147E-04 748 6.487E-04 1.898E-05
548 1.499E-04 1.631 E-04 752 6.333E-04 1.318E-05
552 1.014E-04 1.614E-04 766 6.002E-04 1.451 E-05
556 8.532E-05 1.696E-04 760 5.899E-04 2.033E-05
660 8.691 E-05 1.462E-04 764 5.878E-04 2.446E-05
664 9.363E-05 1.234E-04 768 5.424E-04 2.258E-05
568 1.075E-04 1.087E-04 772 4.947E-04 3.261 E-05
672 1.326E-04 9.784E-05 776 4.529E-04 2.657E-05
576 1.834E-04 9.747E-05 780 4.126E-04 2.517E-05
J
* All measurements i units.
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APPENDIX E
Experimental Uncertainties: Intra-ObserverData
1931 CIE 2 Standard Colorimetric Observer
PRINTS V(AL*) V(Aa*) WAD*) CfAL*, Aa*; CrAL*, Ab*) CfAa*. AD*;
RED 3.726 3.695 7.437 3.195 4.049 3.542
GREEN 1.310 2.520 2.532 -0.853 1.018 -1.788
BLUE 0.676 1.835 3.321 0.213 -0.730 -2.313
GRAY 0.964 1.089 3.307 -0.217 -0.082 -1.498
CYAN 1.066 1.573 3.717 -0.211 0.047 -1.894
MAGENTA 2.684 1.300 3.958 1.202 1.157 -0.241
YELLOW 2.480 1.171 6.711 -0.891 3.088 -1.677
TRANSPARENCIES V(AL*) V(Aa*) vtad*; C(AL*, Aa*; C(AL*f AD*; CfAa*, AD*;
RED 1.634 2.940 10.247 1.904 2.855 3.784
GREEN 1.140 4.061 4.947 -1.580 1.209 -3.072
BLUE 0.366 6.783 9.386 0.890 -1.192 -7.856
GRAY 0.719 0.856 2.460 -0.198 0.700 -1.206
CYAN 1.543 1.384 1.280 -0.547 -0.363 -0.549
MAGENTA 1.842 4.656 8.924 1.965 -1.725 -5.587
YELLOW 2.856 1.114 9.447 0.116 3.793 -0.567
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APPENDIX F
Experimental Uncertainties: Inter-Observer Data
1931 CIE 2 Standard Colorimetric Observer
PRINTS V(AL*) V(Aa*) V(Ab*) C(AL*, Aa*; C(AL*. Ab*) CfAa*, Ab*)
RED 5.271 9.269 8.154 5.610 3.004 3.709
GREEN 8.268 12.471 17.712 -3.640 9.439 -1.163
BLUE 12.983 11.152 17.595 -0.086 -2.961 -12.844
GRAY 4.356 2.197 22.569 0.400 5.777 -0.652
CYAN 12.507 2.800 8.970 -1.165 0.544 -2.466
MAGENTA 4.573 11.637 9.120 3.134 0.842 -5.556
YELLOW 13.120 5.050 19.472 -3.234 12.872 -1.570
TRANSPARENCIES V(AL*) V(Aa*; V(Ab*) CfAL*, Aa*; C(AL*. Ab*) CfAa*, Ab*)
RED 8.583 20.082 17.443 11.857 10.680 15.456
GREEN 18.876 11.562 7.412 -8.791 4.191 -4.773
BLUE 6.988 25.587 33.763 0.952 -7.342 -26.274
GRAY 6.592 3.024 8.759 -0.361 -2.562 -3.363
CYAN 3.367 9.241 6.185 -1.328 1.633 -2.346
MAGENTA 16.026 12.680 11.423 11.560 -4.619 -7.674
YELLOW 5.801 1.224 19.037 1.372 7.184 1.319
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APPENDIX G
Experimental Data
The observer data collected during the course of this experiment is maintained
and stored in the Munsell Color .Science Laboratory. The original Photo
Research PR-650 telespectroradiometer data files are stored in ASCII text format
The original experimental data measured for each of the twenty inter-observers
is stored in separate data files and directories identified by the following
conventions:
Directory name example: rla_39_m
Where "rla" corresponds to the initials of the observer's name,
"39" is the observer's age, andV denotes male gender.
Data file name example: ra_b_prt . crt
Where "ra" corresponds to the first and last initials of the
observer's name,
"b" is the sample color,
"prt" is the sample
media type, and
"crt" is themeasured stimulus.
Experimental data for each of the twenty intra-observer trials is stored in sub
directories located in the jeg_22_m directory. The following sub-directory and
file naming conventions were used to store the original intra-observer
experimental data:
Sub-directory name example: trialOl
Where "01" corresponds to the trial number.
Data file name example: 01_b_prt . crt
Where "01" corresponds to the trial number,
"b" is the sample
color,
"prt" is the sample media type, and
"crt" is the measured
stimulus.
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Color abbreviations:
r-red
g -green
b -blue
k-gray
c-cyan
m -magenta
y -yellow
Sample/Media abbreviations:
crt -Cathode ray tube computer monitor
prt -Print
trn -Transparency
A sample of the Photo Research PR-650 data file format is listed below:
13579
11100000
0 0
Photo-Research
PR-650
60934601
05/03/94 10:40:21
Rick-Alfvin-39-M
14
MS-75
N.A.
N.A.
N.A.
1 . 0-De
8 nm
3
2612 msec
380 780 4
Radiometric-Data
0
0
9.158e-002 watts/ster*m2 .
2.297e+017 photons/ster*m2*sec
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Photometric-Data
0
4.142e+000 fL .
1.419e+001 Cd/m2
Colorimetric-Data
1.832e+001 1.419e+001 5.313e+001 (X,Y,Z)
0.2139 0.1657 0.6204 (x,y,z)
0.1876 0.2180 (u,v)
0.1876 0.3270 (u'.V)
2 (observer)
0 (CCT_NOT_APPLICABLE)
1 (DOM.WAV.)
6 (Ref . Illuminant)
467.6 nm (Dom.Wavelength)
0 (Complementary-Flag)
0 (Outside-Flag)
0 (Very-Close-Flag)
58.75 % (Purity)
Spectral-Data
MEASURED
380 780 4
101 (data-points)
(nm) w/sr*m2
380 1.187e-005
384 1.693e-005
388 2.829e-005
392 4.131e-005
396 6.267e-005
400 9.241e-005
404 1.317e-004
408 1.817e-004
412 2.462e-004
416 3.264e-004
420 4.233e-004
424 5.366e-004
428 6.401e-004
432 7.367e-004
436 8.194e-004
440 8.885e-004
444 9.356e-004
448 9.590e-004
193
452 9.581e-004
456 9.357e-004
460 8.981e-004
464 8.431e-004
468 7.762e-004
472 7.033e-004
476 6.167e-004
480 5.474e-004
484 4.826e-004
488 4.273e-004
492 3.813e-004
496 3.418e-004
500 3.060e-004
504 2.807e-004
508 2.637e-004
512 2.528e-004
516 2.423e-004
520 2.304e-004
524 2.213e-004
528 2.153e-004
532 2.105e-004
536 2.112e-004
540 2.103e-004
544 1.958e-004
548 1.825e-004
552 1.753e-004
556 1.676e-004
560 1.552e-004
564 1.420e-004
568 1.270e-004
572 1.138e-004
576 1.030e-004
580 1.000e-004
584 1.057e-004
588 1.076e-004
592 1.180e-004
596 1.339e-004
600 9.398e-005
604 5.821e-005
608 5.640e-005
612 1.025e-004
616 2.048e-004
620 2.436e-004
624 4.597e-004
628 5.673e-004
632 2.737e-004
636 8.147e-005
640 2.930e-005
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644 1.746e-005
648 1.451e-005
652 1.381e-005
656 1.334e-005
660 1.192e-005
664 1.092e-005
668 1.159e-005
672 1.199e-005
676 1.073e-005
680 1.050e-005
684 2.044e-005
688 2.781e-005
692 2.144e-005
696 2.744e-005
700 8.906e-005
704 2.869e-004
708 3.424e-004
712 1.057e-004
716 1.935e-005
720 9.084e-006
724 9.072e-006
728 8.719e-006
732 6.300e-006
736 6.470e-006
740 4.604e-006
744 3.843e-006
748 4.659e-006
752 4.397e-006
756 4.518e-006
760 6.319e-006
764 9.104e-006
768 7.034e-006
772 3.742e-006
776 3.710e-006
780 1.118e-005
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APPENDIX H
Mathematica Script: Plotting Confidence Ellipses
This is theMathematica Version 2.2.1 forWindows script used to generate the
elliptical confidence regions plotted inAppendix B.
CIELABPLANE=AB
QualityFactor =1
Size =30
DATASET =1
AL="*_AL.TXT"
BL="*_BL.TXT"
AB="*_AB.TXT"
SetDirectory["D:\WNMATH22\DATA"]
datafiles=Table[FileNames[CIEI_ABPLANE]]
DATA=.
DATA=ReadList[ datafiles[[1]],
{Record, Number, Number, Number, Number, Number},
RecordSeparators->{"\t"}]
(*2D:(95.0%) Confidence region
(* Mu and Sigma known:: ChiSquare(2, .05)
chidistl =5.9914763568
(* 3D:(95.0%) = 2D:(96.664%) Confidence region
(* Mu and Sigma known: ChiSquare(2, .03336)
chidist2 = 6.7864490898
(*2D:(95.0%) Confidence region
(* Mu and Sigma NOT known: n=20 p=2 Fdist(2, 18, .05)
fdistl = 7.504073
(* 3D:(95.0%) = 2D:(96.664%) Confidence region
(* Mu and Sigma NOT known: n=20 p=2 Fdist(2, 18, .05)
fdist2 = 8.722942
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ChiSquare = chidist2
CDistance=Sqrt[ChiSquare]
FDistribution = fdist2
FDistance=Sqrt[FDistribution]
Title = {"RED PRINT",
"RED TRANSPARENCY",
"GREEN PRINT",
"GREEN TRANSPARENCY",
"BLUE PRINT",
"BLUE TRANSPARENCY',
"GRAY PRINT",
"GRAY TRANSPARENCY",
"CYAN PRINT",
"CYAN TRANSPARENCY",
"MAGENTA PRINT",
"MAGENTA TRANSPARENCY",
"YELLOW PRINT",
"YELLOW TRANSPARENCY"}
(*. INTER OBSERVER ELLIPSES-
A=.
B=.
F=.
G=.
x=.
y=-
i = DATASET
Counter = Count[DATA,J - 1
lf[i > 28, i = i 28, i = i]
lf[j>14ii = i-14, i = i]
t=i
Title1=Table[Part[DATA, j, 1], { j, Counter}]
j=-
S11=Table[Part[DATA, j, 2], {j, Counter}]
j=-
S12=Table[Part[DATA, j, 4], { j, Counter}]
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]=
S21=Table[Part[DATA, j, 4], {j, Counter}]
j=-
S22=Table[Part[DATA, j, 3], {j, Counter}]
j=-
meanu=Table[Part[DATA, j, 5], { j, Counter}]
j=-
meanv=Table[Part[DATA, j, 6], { j, Counter}]
(*COVARIANCE MATRIX*)
CovMatrix={{ S11[[i]], S12[[i]]},{ S21[[i]], S22[[i]]}}
(INVERSE COVARIANCE MATRIX*)
lnvCovMatrix=lnverse[CovMatrix]
(*EIGENVALUES & EIGENVECTORS*)
Eigensystem[lnvCovMatrix]
(*EIGENVALUES*)
EIGENVALUES=
{Part[Eigensystem[lnvCovMatrix], 1 , 1 ],Part[Eigensystem[lnvCovMatrix], 1 ,2]}
(*EIGENVECTOR1*)
EIGENVECTORS
{Part[Eigensystem[lnvCovMatrix],2, 1,1],Part[Eigensystem[lnvCovMatrix],2, 1 ,2]}
(*EIGENVECTOR2*)
EIGENVECTOR2=
{Part[Eigensystem[lnvCovMatrix],2,2,1],Part[Eigensystem[lnvCovMatrix],2,2,2]}
Xi=(CDistance/Sqrt[Part[Eigensystem[lnvCovMatrix], 1 , 1 ]])*EIGENVECTOR1
Xii=(CDistance/Sqrt[Part[Eigensystem[lnvCovMatrix],1,2]])*EIGENVECTOR2
XiLength=(CDistance/Sqrt[Part[Eigensystem[lnvCovMatrix], 1,1]])
XiLength=(CDistance/Sqrt[Part[Eigensystem[lnvCovMatrix], 1 ,2]])
A=Part[lnvCovMatrix,1,1]
B=Part[lnvCovMatrix,1 ,2]
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F=Part[lnvCovMatrix,2,2]
If [ Abs[Part[Xii, 1 ]] > Abs[Part[Xi, 1 ]],
MaxX=Part[Xii,1],
MaxX=Part[Xi,1]]
vectorvalue=Abs[MaxX]
AAA= 1 10A(-QualityFactor)
For[ limitvalue = 1 ,
limitvalue > 0,
vectorvalue = vectorvalue + AAA ,
limitvalue = D[(-2*B*x - (4*BA2*xA2 - 4*F*(-ChiSquare + A*xA2))A(1/2))/(2*F),
{x, 1 }] /. x -> vectorvalue]
MaxX =: vectorvalue - (2*AAA)
MinX == -MaxX
MaxX1 =MaxX
MinX1 =MinX
A1=A
B1=B
F1=F
/* IMTRA (-INT OBSERVER ELLIPSES
DATA=.
DATA=ReadList[ datafiles[[2]],
{Record, Number, Number, Number, Number, Number},
RecordSeparators->Ot"}]
A=.
B=.
F=.
G=.
x=.
y=-
i = DATASET
Counter = Count[DATA,J - 1
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Title2=Table[Part[DATA, j, 1], {j, Counter}]
j=-
S11=Table[Part[DATA, j, 2], { j, Counter}]
j=-
S12=Table[Part[DATA, j, 4], { j, Counter}]
j=-
S21=Table[Part[DATA, j, 4], { j, Counter}]
j=-
S22=Table[Part[DATA, j, 3], { j, Counter}]
j=-
meanu=Table[Part[DATA, j, 5], { j, Counter}]
j=-
meanv=Table[Part[DATA, j, 6], { j, Counter}]
(*COVARIANCE MATRIX*)
CovMatrix={{ S11[[i]], S12[[iJ]},{ S21[[i]], S22[[i]]}}
(*INVERSE COVARIANCE MATRIX*)
lnvCovMatrix=lnverse[CovMatrix]
(*EIGENVALUES & EIGENVECTORS*)
Eigensystem[lnvCovMatrix]
(*EIGENVALUES*)
EIGENVALUES=
{Part[Eigensystem[lnvCovMatrix],1,1],Part[Eigensystem[lnvCovMatrix],1,2]}
(*EIGENVECTOR1*)
EIGENVECTORS
{Part[Eigensystem[lnvCovMatrix],2,1,1],Part[Eigensystem[lnvCovMatrix],2,1,2]}
(*EIGENVECTOR2*)
EIGENVECTOR2=
{Part[Eigensystem[lnvCovMatrix],2,2,1],Part[Eigensystem[lnvCovMatrix],2,2,2]}
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Xi=(CDistance/Sqrt[Part[Eigensystem[lnvCovMatrix],1 , 1 ]])*EIGENVECT0R1
Xii=(CDistance/Sqrt[Part[Eigensystem[lnvCovMatrix],1,2]])*EIGENVECTOR2
XiLength=(CDistance/Sqrt[Part[Eigensystem[lnvCovMatrix],1 , 1 ]])
XiLength=(CDistance/Sqrt[Part[Eigensystem[lnvCovMatrix], 1 ,2]])
A=Part[lnvCovMatrix, 1,1]
B=Part[lnvCovMatrix,1 ,2]
F=Part[lnvCovMatrix,2,2]
If [ Abs[Part[Xii,1]] > Abs[Part[Xi,1]],
MaxX=Part[Xii,1],
MaxX=Part[Xi,1]]
vectorvalue=Abs[MaxX]
AAA= 1 10A(-QualityFactor)
For[ limitvalue = 1 ,
limitvalue > 0,
vectorvalue = vectorvalue + AAA ,
limitvalue = D[(-2*B*x - (4*BA2*xA2 - 4*F*(-ChiSquare + A*xA2))A(1/2))/(2*F),
{x,1}] /. x -> vectorvalue]
MaxX = vectorvalue - (2*AAA)
MinX = -MaxX
MaxX2 =MaxX
MinX2 =MinX
A2=A
B2=B
F2=F
/* NIMFR- E OFF ELLIPSES *)
DATA=.
DATA=ReadList[ datafiles[[3]],
{Record, Number, Number, Number, Number, Number},
RecordSeparators->{"\t"}]
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A=.
B=.
F=.
G=.
x=.
y=-
i = DATASET
Counter = Count[DATA,J - 1
Title3=Table[Part[DATA, j, 1], { j, Counter}]
j=-
S11=Table[Part[DATA, j, 2], { j, Counter}]
S12=Table[Part[DATA, j, 4], { j, Counter}]
j=-
S21=Table[Part[DATA, j, 4], { j, Counter}]
j=-
S22=Table[Part[DATA, j, 3], { j, Counter}]
meanu=Table[Part[DATA, j, 5], { j, Counter}]
meanv=Table[Part[DATA, j, 6], { j, Counter}]
(*COVARIANCE MATRIX*)
CovMatrix={{ S11[[i]], S12[[i]]},{ S21[[i]], S22[[i]]}}
(*INVERSE COVARIANCE MATRIX*)
lnvCovMatrix=lnverse[CovMatrix]
(?EIGENVALUES & EIGENVECTORS*)
Eigensystem[lnvCovMatrix]
(EIGENVALUES*)
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EIGENVALUES=
{Part[Eigensystem[lnvCovMatrix], 1 , 1 ],Part[Eigensystem[lnvCovMatrix], 1 ,2]}
(*EIGENVECT0R1*)
EIGENVECTORS
{Part[Eigensystem[lnvCovMatrix],2, 1 , 1 ],Part[Eigensystem[lnvCovMatrix],2, 1 ,2]}
(*EIGENVECTOR2*)
EIGENVECTOR2=
{Part[Eigensystem[lnvCovMatrix],2,2,1],Part[Eigensystem[lnvCovMatrix],2,2,2]}
Xi=(FDistance/Sqrt[Part[Eigensystem[lnvCovMatrix], 1 , 1 ]])*EIGENVECTOR1
Xii=(FDistance/Sqrt[Part[Eigensystem[lnvCovMatrix],1,2]])*EIGENVECTOR2
XiLength=(FDistance/Sqrt[Part[Eigensystem[lnvCovMatrix], 1,1]])
XiLength=(FDistance/Sqrt[Part[Eigensystem[lnvCovMatrix],1 ,2]])
A=Part[lnvCovMatrix, 1,1]
B=Part[lnvCovMatrix,1 ,2]
F=Part[lnvCovMatrix,2,2]
If [ Abs[Part[Xii, 1 ]] > Abs[Part[Xi, 1 ]],
MaxX=Part[Xii,1],
MaxX=Part[Xi,1]]
vectorvalue=Abs[MaxX]
AAA=1 10A(-QualityFactor)
For[ limitvalue = 1 ,
limitvalue > 0,
vectorvalue = vectorvalue + AAA ,
limitvalue = D[(-2*B*x - (4*BA2*xA2 - 4*F*(-FDistribution + A*xA2))A(1/2))/(2*F),
{x,1}] /. x -> vectorvalue]
MaxX = vectorvalue - (2*AAA)
MinX =-MaxX
MaxX3 =MaxX
MinX3 =MinX
A3=A
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B3=B
F3=F
(*. SDO METAMERIC SAMPLE MISMATCH ELLIPSES
DATA=.
DATA=ReadList[ datafiles[[4]],
{Record, Number, Number, Number, Number, Number},
RecordSeparators->{"\t"}]
A=.
B=.
F=.
G=.
x=.
y=-
i = DATASET
Counter = Count[DATA,J - 1
Title4=Table[Part[DATA, j, 1], { j, Counter}]
j=-
S11=Table[Part[DATA, j, 2], { j, Counter}]
S12=Table[Part[DATA, j, 4], { j, Counter}]
j=-
S21=Table[Part[DATA, j, 4], { j, Counter}]
j=-
S22=Table[Part[DATA, j, 3], { j, Counter}]
j=-
meanu=Table[Part[DATA, j, 5], { j, Counter}]
meanv=Table[Part[DATA, j, 6], { j, Counter}]
(*COVARIANCE MATRIX*)
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CovMatrix={{ S11[[i]], S12[[i]]},{ S21[[i]], S22[[i]]}}
(INVERSE COVARIANCE MATRIX*)
lnvCovMatrix=lnverse[CovMatrix]
(*EIGENVALUES & EIGENVECTORS*)
Eigensystem[lnvCovMatrix]
(EIGENVALUES*)
EIGENVALUES=
{Part[Eigensystem[lnvCovMatrix],1,1],Part[Eigensystem[lnvCovMatrix],1,2]}
(EIGENVECTOR1*)
EIGENVECTORS
{Part[Eigensystem[lnvCovMatrix],2, 1 , 1 ],Part[Eigensystem[lnvCovMatrix],2, 1 ,2]}
(EIGENVECTOR2*)
EIGENVECTOR2=
{Part[Eigensystem[lnvCovMatrix],2,2,1],Part[Eigensystem[lnvCovMatrix],2,2,2]}
Xi=(FDistance/Sqrt[Part[Eigensystem[lnvCovMatrix], 1 , 1 ]])*EIGENVECTOR1
Xii=(FDistance/Sqrt[Part[Eigensystem[lnvCovMatrix],1,2]])*EIGENVECTOR2
XiLength=(FDistance/Sqrt[Part[Eigensystem[lnvCovMatrix], 1,1]])
XiLength=(FDistance/Sqrt[Part[Eigensystem[lnvCovMatrix], 1 ,2]])
A=Part[lnvCovMatrix,1,1]
B=Part[lnvCovMatrix, 1 ,2]
F=Part[lnvCovMatrix,2,2]
If [ Abs[Part[Xii, 1 ]] > Abs[Part[Xi, 1 ]],
MaxX=Part[Xii,1],
MaxX=Part[Xi,1]]
vectorvalue=Abs[MaxX]
AAA= 1 10A(-QualityFactor)
For[ limitvalue = 1 ,
limitvalue > 0,
vectorvalue = vectorvalue + AAA ,
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limitvalue = D[(-2*B*x - (4*BA2*xA2 - 4*F*(-FDistribution + A*xA2))A(1/2))/(2*F),
{x,1}] /. x -> vectorvalue]
MaxX = vectorvalue - (2*AAA)
MinX = -MaxX
MaxX4 =MaxX
MinX4 =MinX
A4=A
B4=B
F4=F
ResetDirectory[ ]
ellipseplot=Show[
Plot[{ (-2*B1*x - (4*B1A2*xA2 - 4*F1*(-ChiSquare + A1*xA2))A(1/2))/(2*F1),
(-2*B1*x + (4*B1A2*xA2 - 4*F1*(-ChiSquare + A1*xA2))A(1/2))/(2*F1)},
{x, MinX1,MaxX1},
AspectRatio -> 1 ,
Frame -> True,
FrameLabel -> None,
PlotStyle->{Thickness[0.004]},
PlotRange -> {{-0.5*Size, 0.5*Size},{-0.5*Size, 0.5*Size}},
GridLines ->None,
DefaultFont -> {"Arial", 14.},
AxesStyle ->
{{GrayLevel[0.], Thickness[0.002]},
{GrayLevel[0.], Thickness[0.002]}},
PlotLabel -> Title1[[i]]],
Plot[{ (-2*B2*x - (4*B2A2*xA2 - 4*F2*(-ChiSquare + A2*xA2))A(1/2))/(2*F2),
(-2*B2*x + (4*B2A2*xA2 - 4*F2*(-ChiSquare + A2*xA2))A(1/2))/(2*F2)},
{x, MinX2, MaxX2},
AspectRatio -> 1 ,
Frame -> True,
FrameLabel -> {"delta a*", "delta L*"},
RotateLabel -> False,
PlotStyle->{ {Thickness[0.002], Dashing[{0.05, 0.05}]},
{Thickness[0.002], Dashing[{0.05, 0.05}]} },
PlotRange -> {{-0.5*Size, 0.5*Size},{-0.5*Size, 0.5*Size}},
GridLines ->None,
DefaultFont -> {"Arial", 12.},
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AxesStyle ->
{{GrayLevel[0.], Thickness[0.004]},
{GrayLevel[0.], Thickness[0.004]}},
PlotLabel -> Title2[[i]]],
Plot[{ (-2*B3*x - (4*B3A2*xA2 - 4*F3*(-FDistribution + A3*xA2))A(1/2))/(2*F3),
(-2*B3*x + (4*B3A2*xA2 - 4*F3*(-FDistribution + A3*xA2))A(1/2))/(2*F3)},
{x, MinX3, MaxX3},
AspectRatio -> 1 ,
Frame -> True,
FrameLabel -> {"delta a*", "delta L*"},
RotateLabel -> False,
PlotRange -> {{-0.5*Size, 0.5*Size},{-0.5*Size, 0.5*Size}},
PlotStyle->{ {Thickness[0.001], Dashing[{0.0025, 0.0025}]},
{Thickness[0.001], Dashing[{0.0025, 0.0025}]}},
GridLines ->None,
DefaultFont -> {"Arial", 12.},
AxesStyle ->
{{GrayLevel[0.], Thickness[0.004]},
{GrayLevel[0.], Thickness[0.004]}},
PlotLabel -> Title3[[i]]],
Plot[{ (-2*B4*x - (4*B4A2*xA2 - 4*F4*(-FDistribution + A4*xA2))A(1/2))/(2*F4),
(-2*B4*x + (4*B4A2*xA2 - 4*F4*(-FDistribution + A4*xA2))A(1/2))/(2*F4)},
{x, MinX4, MaxX4},
AspectRatio -> 1 ,
Frame -> True,
FrameLabel -> {"delta a*", "delta L*"},
RotateLabel -> False,
PlotRange -> {{-0.5*Size, 0.5*Size},{-0.5*Size, 0.5*Size}},
PlotStyle->{Thickness[0.001 ]},
GridLines ->None,
DefaultFont -> {"Arial", 12.},
AxesStyle ->
{{GrayLevel[0.], Thickness[0.004]},
{GrayLevel[0.], Thickness[0.004]}},
PlotLabel -> Title4[[i]]],
PlotLabel -> FontForm[Title[[t]], {"Arial", 14}]
]
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APPENDIX I
SYSTAT Command Script: Plotting Confidence Ellipses
This is an example of the SYSTATforWindows version 5.04 command file script used to generate
the elliptical confidence regions in APPENDIX FIG. Al.
USE 'C:\ALL_DLAB.SYS'
SYGRAPH
THICK=1
TICK=INTERVAL
FORMAT=0
FACET
BEGIN
OUTPUT *
ORIGIN=2.8IN 2IN
PLOT JREDP02B * JREDP02L /HEIGHT=2IN WIDTH=2IN AXES=4 SCALE=2
GRID=3 XMIN=-15 YMIN=-15 ,
XMAX=15 YMAX=15 XPIP=5 YPIP=5 XTICK=6 YTICK=6 ELLIPSOID=.97
TRANS FILL=0 ,
SIZE=1.25 SYMBOL=15 YLABEL=' ' XLABEL=' '
PLOT JREDP02B * JREDP02L /HEIGHT=2IN WIDTH=2IN AXES=0 SCALE=0
GRID=0 XMIN=-15 YMIN=-15 ,
XMAX=15 YMAX=15 XPIP=5 YPIP=5 XTICK=6 YTICK=6 ELM=.97 TRANS
FILL=0 SIZE=0 ,
SYMBOL=15 YLABEL=' '
XLABEL=' '
PLOT OREDP02B * OREDP02L /HEIGHT=2IN WIDTH=2IN AXES=0 SCALE=0
GRID=3 XMIN=-15 YMIN=-15 ,
XMAX=15 YMAX=15 XPIP=5 YPIP=5 XTICK=6 YTICK=6 ELLIPSOID=.97
TRANS FILL=0 ,
SIZE=1.25 SYMBOL=2
YLABEL=' ' XLABEL=' '
PLOT OREDP02B * OREDP02L /HEIGHT=2IN WIDTH=2IN AXES=0 SCALE=0
GRID=0 XMIN=-15 YMIN=-15 ,
XMAX=15 YMAX=15 XPIP=5 YPIP=5 XTICK=6 YTICK=6 ELM=.97 TRANS
FILL=0 SIZE=0 ,
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SYMB0L=2 YLABEL=* ' XLABEL=' '
0RIGIN=1.33IN2.25IN
PLOT JREDP02A * JREDP02B /HEIGHT=2IN WIDTH=2IN AXES=4 SCALE=2
GRID=3 XMIN=-1 5 YMIN=-1 5 ,
XMAX=15 YMAX=15 XPIP=5 YPIP=5 XTICK=6 YTICK=6 ELLIPSOID=.97
TRANS FILL=0 ,
YLABEL=' ' XLABEL=' ',
SIZE=1.25SYMBOL=15
PLOT JREDP02A * JREDP02B /HEIGHT=2IN WIDTH=2IN AXES=4 SCALE=0
GRID=0 XMIN=-15 YMIN=-15 ,
XMAX=15 YMAX=15 XPIP=5 YPIP=5 XTICK=6 YTICK=6 ELM=.97 TRANS
FILL=0 SIZE=0 ,
SYMBOL=15 YLABEL=' ' XLABEL=' '
PLOT OREDP02A * OREDP02B /HEIGHT=2IN WIDTH=2IN AXES=4 SCALE=2
GRID=3 XMIN=-15 YMIN=-15 ,
XMAX=15 YMAX=15 XPIP=5 YPIP=5 XTICK=6 YTICK=6 ELLIPSOID=97
TRANS FILL=0 ,
YLABEL=' ' XLABEL=' ',
SIZE=1.25 SYMBOL=2 FILL=0
PLOT OREDP02A * OREDP02B /HEIGHT=2IN WIDTH=2IN AXES=4 SCALE=0
GRID=0 XMIN=-15 YMIN=-15 ,
XMAX=15 YMAX=15 XPIP=5 YPIP=5 XTICK=6 YTICK=6 ELM=.97 TRANS
FILL=0 SIZE=0 ,
SYMBOL=2 YLABEL=' ' XLABEL=' '
ORIGIN=0.2IN -.2IN
PLOT JREDP02A * JREDP02L /HEIGHT=2IN WIDTH=2IN AXES=4 SCALE=2
GRID=3 XMIN=-15 YMIN=-15 ,
XMAX=15 YMAX=15 XPIP=5 YPIP=5 XTICK=6 YTICK=6 ELLIPSOID=.97
TRANS FILL=0 ,
SIZE=1.25 SYMBOL=15
YLABEL=' ' XLABEL=' '
PLOT JREDP02A * JREDP02L /HEIGHT=2IN WIDTH=2IN AXES=4 SCALE=0
GRID=0 XMIN=-15 YMIN=-15 ,
XMAX=15 YMAX=15 XPIP=5 YPIP=5 XTICK=6 YTICK=6 ELM=.97 TRANS
FILL=0 SIZE=0 ,
SYMBOL=15 YLABEL=' ' XLABEL=' '
PLOT OREDP02A * OREDP02L /HEIGHT=2IN WIDTH=2IN AXES=4 SCALE=2
GRID=3 XMIN=-15 YMIN=-15 ,
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XMAX=15 YMAX=15 XPIP=5 YPIP=5 XTICK=6 YTICK=6 ELLIPSOID=.97
TRANS FILL=0 ,
SIZE=1.25 SYMB0L=2 YLABEL=' ' XLABEL=' '
PLOT OREDP02A * OREDP02L /HEIGHT=2IN WIDTH=2IN AXES=4 SCALE=0
GRID=0 XMIN=-15 YMIN=-15 ,
XMAX=15 YMAX=15 XPIP=5 YPIP=5 XTICK=6 YTICK=6 ELM=.97 TRANS
FILL=0 SIZE=0 ,
SYMBOL=2 YLABEL=' ' XLABEL=" '
END
GSAVE 'C:\RED P02.WMF /METAFILE
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